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PREFACE 


This  final  report  was  submitted  by  the  University  of  Dayton  Research  Institute  (UDRI)  un¬ 
der  Contract  No.  F33615-87-C-2767,  sponsored  by  the  U.S.  Air  Force  Wright  Laboratory,  Aero 
Propulsion  and  Power  Directorate,  Wright-Patterson  Air  Force  Base  OH.  Dr.  W.  M.  Roquemore 
of  WLyPOSF  was  the  Air  Force  Technical  Monitor;  Dr.  D.  R.  Ballal  of  the  Applied  Physics 
Division,  UDRI,  was  the  Principal  Investigator;  and  Dr.  E.  H.  Gerber,  Head  of  the  Applied 
Physics  Division,  UDRI,  was  the  Project  Supervisor  of  this  research  program.  This  report  covers 
work  performed  during  the  period  September  1 1,  1987  through  September  30, 1992. 

The  Principal  Investigator  wishes  to  express  his  gratitude  and  appreciation  to  Dr.  W.  M. 
Roquemore,  for  his  encouragement  and  support;  to  Ms.  Ruth  Rodak,  UDRI,  for  technical  editing; 
and  to  Ms.  W.  Barnes,  UDRI,  for  report  preparation. 


SUMMARY 


A  k)ng-lcrm  gt)al  of  the  Air  Force  is  U»  develop  high-perlormance  gas  turbine  engines  with 
combustors  that  operate  at  near-stoiehiometric  eonditions,  bum  broad-specifleation  fuels,  and 
have  low  maintenanee  and  high  durability.  Towards  meeting  these  broad  goals,  the  Air  Force 
Wright  Laboratory,  Aero  Propulsion  and  Power  Directorate  (WL/PO)  initiated  a  5-year  program 
of  research  with  the  University  of  Dayton  Research  Institute  (UDRI),  beginning  in  September 
1987,  with  three  principal  objectives:  (1)  to  design  and  conduct  combustion  experiments  that 
will  establish  a  fundamental  understanding  and  data  base  on  combustion  stability,  lean  blowout 
(LBO),  swirling  flows,  and  kinetically  controlled  combustion;  (2)  to  conduct  experimental  re¬ 
search  and  evaluate  heat  transfer  models  that  can  be  used  to  design  hot  section  components  such 
as  turbine  blades;  and  (3)  to  develop  research  tools  and  perform  the  research  that  will  eventually 
lead  to  the  development  of  a  high-temperature,  thermally  stable,  JP-8  fuel. 

To  perform  this  research,  we  successfully  designed  and  operated  several  laboratory  com¬ 
bustors  such  as  a  step  combustor,  a  bluff  body  combustor,  and  a  swirl  combustor,  each  of  which 
simulated  some  important  features  of  a  practical  gas  turbine  combustor.  Thus,  we  ensured  that 
our  research  results  closely  represent  features  of  the  combustion  processes  in  practical  combus¬ 
tors.  Next,  we  documented  a  systematic  and  detailed  sequence  of  events  leading  to  Lean 
Blowout  (LBO).  We  found  that  in  a  step  combustor,  these  events  comprised  the  attached-flame 
region,  lifted  shear  flame,  intermittent  shear  flame,  the  large-scale  instability  of  the  flame  front, 
and  finally  LBO.  For  a  bluff-body  combustor,  excess  entrainment  of  cold  reactants  in  the  thick- 
flame  region  caused  flamelet  extinction,  and  in  a  swirl  combustor,  intermittent  mixing  and  radial 
jet  fluid  ejection  produced  by  large-scale  vortices  caused  local  flame  extinction.  These  in¬ 
dividual  events  clearly  highlighted  the  complexity  of  LBO  mechani.sm  in  a  modem  annular  gas 
turbine  combustor. 

In  a  modem  annular  gas  turbine  combustor,  flame  is  stabilized  by  a  recirculation  /one. 
Therefore,  we  investigated  the  effects  of  various  parameters  on  the  recirculation  zone  stmeture. 
We  found  that  for  flames  anchored  by  the  bluff  body,  wall  confinement  elongated  the  recircula¬ 
tion  zone  by  accelerating  the  flow  and  narrowed  it  by  preventing  mean  streamline  curvature.  In 
the  limit  of  fast  chemistry,  the  recirculation  zone  size  decreases  to  its  value  for  fully  developed, 
cold  turbulent  flow  wake.  Finally,  we  discovered  that  swirl  enhances  flame  stability  sig¬ 
nificantly  by  creating  a  toroidal  recirculation  zone. 

The  .stmeture  of  a  turbulent  flame  in  the  primary  zone  of  a  gas  turbine  combustor  is  highly 
complex.  Therefore,  we  conducted  a  systematic  study  of  this  stmeture.  We  ob.served  that  at  low 
fuel  flows  a  distinct  flame  attaches  itself  around  the  fuel  nozzle.  This  so-called  "attached  flame" 
stmeture  has  the  appearance  of  an  inverted  "cla.ssic  coke  bottle"  and  is  remarkably  stable.  As  the 
overall  equivalence  ratio  falls  below  0.65,  large-scale,  oscillatory  axial  movement  of  the  flame 
begins;  this  eventually  leads  to  LBO.  The  stmeture  of  the  turbulent  flame  anchored  by  the  bluff 
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body  and  enveloping  the  recirculation  zone  comprises:  (1)  an  ignition- thin  flame  region  in  the 
vicinity  of  the  flameholdcr  base,  (2)  a  reacting  shear  layer  region  of  large-scale  coherent  struc¬ 
tures,  and  (3)  a  thick-flame  region  in  which  enu^nment  is  the  dominant  mechanism.  Finally,  the 
high-velocity  gradients  generated  in  the  swirl  combustor  produce  a  thin  diffusion  layer,  low 
Darakohler  number,  highly  stretched  flame  structure. 

In  ramjet  engines,  jet  afterburners,  and  gas  turbine  combustors,  chemistry-turbulence  inter¬ 
action  is  important  and  controlling.  We  made  successful  correlations  of  the  LBO  in  a  step 
combustor  against  loading  parameter  (LP)  for  LP  values  extending  over  3  orders  of  magnitude. 
Further,  a  priori  calculation  of  LBO  was  done  using  a  dissipation  gradient  approach  of  defining 
local  perfectly  stirred  reactor  regions  in  the  step  combustor.  Such  a  network  of  stirred  reactor 
nodes  yielded  good  agreement  with  experimental  data.  We  observed  that  in  a  bluff  body  com¬ 
bustor,  for  i  0.75,  combustion  was  kinetically  controlled  and  requires  a  recirculation  zone 
larger  than  that  for  cold  flow  in  order  to  stabilize  a  flame.  Such  results  indicate  how  compact  the 
size  of  the  primary  zone  of  a  gas  turbine  combustor  can  be,  provided  it  operates  at  or  near- 
stoichiometric  equivalence  ratios. 

The  free-stream  turbulence  level  experienced  by  a  turbine  blade  downstream  of  the  eom- 
bustor  approaches  20  percent  We  performed  an  investigation  of  the  effects  of  free-stream 
turbulence  up  to  22%,  on  the  flat  plate  heat  transfer.  We  discovered  that  free-sU'eam  turbulence 
augments  heat  transfer  2  to  2.5  times.  In  practice,  this  means  free-stream  turbulence  would  cause 
a  faster  decay  in  the  turbine  blade  film-cooling  effectiveness,  a  reduction  in  the  effective  cooling 
length,  or  an  increase  in  the  film-cooling  requirement 

To  summarize,  our  experimental  studies  have  made  a  valuable  contribution  by  providing  a 
physical  understanding  of  turbulent  combustion  and  heat  transfer,  and  also  by  making  available 
benchmark-quality  data  for  evaluating  and  refining  computer  models  used  by  industry  to  design 
gas  turbine  combustors.  Now,  the  challenge  is  to  produce  new  modeling  codes  that  can  be  used 
with  a  sufficient  degree  of  realism,  confidence,  and  certainty  to  design  practical  combustion  sys¬ 
tems.  The  research  work  described  above  has  led  to  24  archival  journal  publications,  22 
presentations  at  national  and  international  meetings,  and  10  internal  reports.  It  has  won  three 
major  national  awards  including  the  American  Society  of  Mechanical  Engineers  (ASME) 
International  Gas  Turbine  Institute’s  Outstanding  Research  Paper  Award  for  1992,  and  the 
American  Institute  of  Aeronautics  and  A.stronautics  (AIAA)-1992  National  Aero.spacc 
Highlights. 

This  final  report  describes  the  experimental  work,  theoretical  results,  and  conclusions  for 
all  the  combustion  work  performed  on  this  contrju:t.  The  combustion  data  sets  are  presented  in  a 
companion  Report  No.  WL-TR-92-21 11. 
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1. 


INTRODUCTION 


1.1  Program  Objectives 

A  long-term  goal  of  the  Air  Force  is  to  develop  high-performance  gas  turbine  engines  with 
combustors  that  operate  at  near-stoichiometric  conditions,  bum  broad-specification  fuels,  and 
have  low  maintenance  and  high  durability.  With  these  broad  goals  in  mind,  the  Air  Force  Wright 
Laboratory,  Aero  Propulsion  and  Power  Dircctorate  (WL/PO)  initiated  a  5-year  program  of  re¬ 
search  with  the  University  of  Dayton  Research  Institute  (UDRI),  beginning  in  September  1987. 
This  program  had  three  principal  objectives:  (1)  to  design  and  conduct  combustion  experiments 
that  will  establish  a  fundamental  understanding  and  data  base  on  combustion  stability,  lean 
blowout  (LBO),  swirling  flows,  and  kinetically  controlled  combustion;  (2)  to  conduct  experimen¬ 
tal  research  and  evaluate  heat  transfer  models  that  can  be  used  to  design  hot  section  components 
such  as  turbine  blades;  and  (3)  to  develop  research  tools  and  perform  the  research  that  will  even¬ 
tually  lead  to  the  development  of  a  high-temperature,  thermally  stable,  JP-8  fuel. 

1.2  Combustion  Tasks 

Traditional  gas  turbine  combustor  design  methodology  has  been  based  on  empirical  cor¬ 
relations,  experience,  scaling  of  working  designs,  and  extensive  development  testing.  This 
approach  has  been  amazingly  successful.  However,  as  the  requirements  of  high-  performance, 
compactness,  and  durability  have  increased,  the  error  margin  for  achieving  these  goals  has 
decreased  and  the  cost  of  rig  testing  has  dramatically  increased.  The  mixing  and  combustion 
process  in  practical  combustors  involves  complex  recirculation  zones,  unknown  chemical 
kinetics,  two-phase  flows,  and  turbulence.  Simultaneous  consideration  of  all  these  effects  com¬ 
plicates  their  study.  The  objective  of  this  program  was  to  develop  a  fundamental  understanding; 
therefore,  we  formulated  live  technical  tasks  to  study  combustion  and  heat  transfer; 

( 1 )  Step  Combustor  T ask, 

(2)  Bluff  Body  Combustor  Task, 

(3)  Swirl  Combustor  Task, 

(4)  Perfectly  Stirred  Reactor  (PSR)  Task,  and 

(5)  Heat  Transfer  Task. 

This  report  describes  the  objectives,  laser  diagnostic  instrumentation,  test  results,  and  con¬ 
clusions  for  each  of  the  five  technical  tasks.  Finally,  we  analyze  our  entire  combustion  and  heat 
transfer  research  from  the  viewpoint  of  program  objectives,  how  we  met  those  objectives,  what 
new  fundamental  knowledge  emerged,  and  what  gaps,  if  any,  were  discovered  that  should  form 
the  basis  of  future  research. 
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2. 


TEST  FACILITY  AND  LASER  DIAGNOSTICS 


All  the  combustion  tasks  were  performed  in  the  Fundamental  Combustion  Laboratory  lo¬ 
cated  in  Building  490,  Test  Cell  153,  of  the  Fuels  and  Lubrication  Division  (WL/POSF)  and  the 
film-cooling  studies  were  conducted  in  the  Heat  Transfer  Laboratory  located  in  Building  18C, 
Room  21  (WUPOTC). 

2.1  Combustion  Test  Facility 

This  test  facility  is  liilly  described  by  Ballal  et  al.  [1].  At  the  heart  of  this  facility  is  a  tur¬ 
bulent  flame  burner  located  under  an  exhaust  hood.  On  one  side  of  the  burner  is  an  optics  table 
on  which  a  three-component  LDA  system  is  assembled;  on  the  other  side  is  another  optical  tabic 
which  bears  the  CARS  system.  A  breadboard  optics  table  and  a  U-channel  support  structure  are 
used  to  bind  the  two  large  optics  Cables.  This  smaller  table  has  a  square  cutout  through  which  the 
burner  working  section  protrudes.  The  optical  integration  of  LDA  with  the  CARS  system  can  be 
performed  on  this  breadboard  table. 

The  turbulent  flame  burner  is  mounted  on  a  three-axis  traversing  platform  and  is  connected 
to  a  high-pressure  (1 10  p.sia)  airflow  delivery  sy.stem.  An  intricate  piping  network  is  designed  to 
supply  large  quantities  of  gaseous  fuels  such  as  propane,  methane,  hydrogen,  and/or  inert  gases 
such  as  nitrogen,  carbon  dioxide,  argon,  and  helium  to  the  burner.  Both  the  airflow  and  the  fuel 
flow  are  accurately  monitored.  An  exhaust  hood  routes  the  products  of  combustion  out  of  the 
test  cell.  Finally,  this  test  facility  is  well  equipped  with  fire  and  laser  safety  features,  utilities, 
and  climate  control  systems.  A  powerful  and  dedicated  MODCOMP/MODAC  computer  and 
many  data  acquisition  computers  are  used  to  operate  the  facility,  and  to  record  and  analyze  data. 

2.2  Heat  Transfer  Test  Facility 

The  heat  transfer  facility  essentially  consists  of  a  either  a  20.3-cm-dia  ASME  or  a  6.67  x 
49.53  cm  ASME  planar  free-jet  nozzle  (lip  thickness  =  0.64  cm)  which  supplies  highly  turbulent 
freestream  airflow  to  a  flat  test  plate  (3.05  m  long  and  0.6 1  m  wide)  with  an  unheated  starting 
length  of  1.52  m,  located  many  diameters  downsLream  of  the  free-jet  nozzle.  The  flat  plate  is 
electrically  heated  and  embedded  with  hot  film  and  42  fine  thermocouple  probes  for  measuring 
surface  temperature.  The  back  face  of  the  plate  is  insulated  to  minimize  heat  loss. 

In  a  film-cooling  arrangement,  spanwise  rows  of  slots  (5  slots,  2.54  cm  dia.,  1/d  =  6)  are 
used  to  inject  a  layer  of  c<'olant  air  over  the  flat  plate  and  insulate  it  from  the  turbulent  hot 
mainstream  gases.  These  slots,  which  have  a  pitch-to-diameter  ratio  of  2,  are  inclined  at  a  30- 
degrec  angle  and  are  located  at  the  end  of  the  unhealed  starting  length.  The  effectiveness  and 
heal  transfer  coefficient  of  the  film  can  be  measured  al  several  locations  (//d  =  5.5  lO  40)  along 
the  length  of  the  heal  transfer  table  and  downstream  of  the  row  of  holes  or  slots  for  a  range  of 
values  of  freestream  turbulence.  This  lest  facility  is  equipped  with  a  hot-wire  anemometer,  an 
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LDA  system,  pressure  transducers,  pitot  probes,  thermocouples,  and  IBM-compatible  PCs  for 
data  acquisition  and  analysis. 

2.3  LDA  System 

Our  three-component  LDA  system  is  essentially  a  refined  version  of  the  two-component 
system  used  by  Ballal  et  al.  [1].  The  LDA  system  employs  a  three-beam  two-channel  optics  to 
measure  velocity  components  ±  45  degrees  off-axis.  It  uses  a  SI4.5-nm  (green)  laser  beam  and  a 
488-nm  (blue)  laser  beam  from  an  15-W  Spectra  Physics  Model  171  argon-ion  laser.  The  514.5- 
nm  source  beam  is  split  into  two  channels  using  polarization  separation  and  the  488-nm  beam  is 
used  for  the  third  channel  (tangential  velocity  component).  These  laser  beams  are  focused  to  the 
crossing  volume  by  lenses  with  a  focal  length  of  250  mm.  The  third  channel  beams  are  focused 
in  a  direction  normal  to  the  other  two  beams  to  minimize  the  size  of  the  ellipsoidal  probe  volume 
of  175  pm  X  1500  pm  (for  a  two-component  LDA  .system)  to  a  probe  volume  equal  to  100  pm  in 
diameter  (for  a  three-component  LDA  system).  The  scattered  light  is  collected  in  the  forward 
direction,  10  degrees  off-axis.  The  LDA  system  incorporates  Bragg  cell  frequency  shifting  of  10 
MHz  for  the  first  two  channels  and  20  MHz  for  the  third  channel  to  eliminate  directional  am¬ 
biguity  presented  by  measurements  in  swirl  and/or  recirculatory  flows,  and  a  three-channel  time- 
coincidence  data  check  circuit  which  guarantees  a  rapid  acquisition  of  valid  data  (due  to  beam 
crossing)  in  highly  turbulent  flows.  The  calculated  fringe  spacing  is  approximately  3.6  pm.  The 
LDA  software  comprises  subroutines  to  filter  spurious  signals,  for  example,  due  to  seed  ag¬ 
glomeration,  corrections  to  account  for  LDA  signal  biasing  effects  in  combusting  flows,  and 
LDA  data  sampling  rates. 

A  fluidize^  bed  seeder  was  used  to  inject  submicron  size  ZrO^  seed  particles  (97%  <  1  pm, 
seed  rates  >  10  particles/sec)  into  the  flowing  combustible  mixture.  Scattered  signals  were 
detected  by  TSl  1990C  counter  proccs.sors  and  processed  by  our  custom-designed  soltwarc 
which  calculates  turbulence  intensity,  shear  stress^,  higher  moments  (skewness  and  kurtosis), 
pdfs,  and  complex  velocity  correlations  such  as  u’  v’.  A  total  of  4096  LDA  realizations  were 
collected  at  each  measurement  location  and  data  samphng  rates  as  high  as  8  kHz  in  cold  flows 
and  1  kHz  in  flames  were  obtained  using  this  system.  In  our  experiments,  we  employed  the  seed¬ 
ing  of  both  single  and  multiple  streams. 

2.4  LDA  Measurement  Errors  and  Accuracy  ^ 

In  processing  the  LDA  Doppler  burst  signal,  typically  2  cycles/burst  are  requested  and  the 
spurious  data  are  filtered  by  using  the  3o  test  of  Rose  and  Johnson  [2].  Applying  the  analysis  of 
Yanta  and  Smith  [3],  the  error  in  rms  velocity  was  less  than  3  percent  and  uncertainty  in  mean 
velocity  was  less  than  1  percent  at  a  95  percent  confidence  limit  However,  in  recirculatory  and 
reactive  flows,  the  velocity  statistical  biasing  was  worst  Using  the  analysis  of  Glass  and  Bilger 
[4]  and  Edwards  [5],  the  mean  values  can  be  overestimated  up  to  7  percent  and  the  rms  values 
underestimated  up  to  5  percent  for  turbulence  intensity  levels  above  20  percent.  The  flow  rates 
calculated  from  integrating  the  velocity  profiles  were  3  percent  or  less  than  the  measured  flow 
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rates.  This  difference  is  partly  attributed  to  the  plus-or-minus  1  percent  measurement  accuracy 
of  the  mass  flow  controller.  To  eliminate  velocity  biasing  due  to  nonuniform  seeding,  the  condi¬ 
tional  data  sampling  technique  of  Libby  et  al.  [6]  was  used  by  seeding  particles  into  only  the  fuel 
jet  or  the  annular  coflowing  air.  This  type  of  technique  allowed  us  to  track  the  convection  and 
diffusion  of  one  (seeded)  fluid  into  another  (unseeded)  fluid  in  a  manner  similar  to  that  used  by 
Dibble  etal.  [7]. 

2.5  CARS  System 

The  CARS  system  light  source  is  provided  by  a  Nd:YAG  pulse  laser  with  10-ns  time 
resolution.  The  frequency-doubled  source  green  beam  (S32-nm)  is  equally  divided  into  four 
parts.  Two  of  these  serve  as  the  pump  beams,  while  the  other  two  pump  a  dye  la.scr  oscillator 
and  amplifier.  The  dye  laser  is  tuned  to  provide  a  red  broad-band  Stokes  beam  (Ilf)  FWHM) 
centered  at  607  nm.  The  red  Stokes  beam  and  the  two  green  pump  beams  are  then  focused 
together  by  a  25-cm  focal  length  lens  in  a  BOXCARS  configuration.  A  25-pm-x-250-pm 
measuring  spot  size  is  achieved.  The  CARS  signal  is  collected  by  a  Spex  1702  spectrometer, 
1024  element  DARSS  camera,  and  Tracor-Northem  multichannel  analyzer.  The  raw  data  are 
processed  by  a  MODCOMP  minicomputer. 

From  the  raw  data,  the  temperatures  are  determined  by  comparing  the  actual  nitrogen 
spectra  to  the  calculated  spectra,  using  a  least  square  fit.  The  calculation  of  a  nitrogen  CARS 
spectrum  requires  knowledge  of  the  instrument  slit  function.  Early  in  our  research,  we  recog¬ 
nized  (see  Appendices  A  and  B)  that  accounting  for  the  variation  of  slit  function  can  increase  the 
precision  of  the  CARS  data  and  the  assumption  that  the  slit  function  is  constant  and  independent 
of  temperature,  laser  beam  intensity,  and  turbulence  is  also  relaxed. 

In  Appendix  A,  we  discuss  the  source  of  instrument  slit  function,  its  variability  from  shot 
to  shot,  and  the  various  weighting  schemes  used  to  increase  the  CARS  precision.  We  have  fitted 
the  collected  CARS  spectra  using  two  parameters:  slit  width  and  temperature.  This  two- 
parameter  least  squares  (TPLS)  method  allowed  the  calculation  of  temperature  with  almost  no 
previous  knowledge  of  the  slit  function  except  its  general  shape. 

^  Appendix  B  describes  a  simple  method  of  determining  the  slit  function  from  the  collected 
data  at  the  actual  temperature  and  turbulence  level  by  applying  the  principle  of  local  ther¬ 
modynamic  equilibrium.  In  general,  the  mean  temperature  is  measured  for  two  different  curve- 
fit  weighting  schemes  and  two  different  values  of  half-width  at  half-maximum  (HWHM)  slit 
widths.  The  actual  mean  temperature  and  slit  width  are  calculated  by  finding  the  intersection  of 
the  two  lines  (T  vs.  slit  width  at  constant  weighting).  This  four-point-intercept  (4PI)  method 
determines  the  correct  average  HWHM  of  the  slit  function  to  use,  and  thereby  guarantees  unam¬ 
biguous  temperature  measurement  Since  this  method  was  easily  adaptable  to  current  software, 
it  was  used  to  analyze  all  the  CARS  data  collected  in  all  the  combustion  experiments. 
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2.6  CARS  Precision  and  Accuracy 

Usually,  SCO  samples  were  taken  for  each  CARS  measurement  to  ensure  that  the  error  in 
the  rms  temperature  was  less  than  10  K,  while  1500  samples  were  taken  in  the  flame  region 
where  the  rms  values  were  expected  to  be  large.  As  shown  by  Vangsness  and  Heneghan  [8],  the 
rms  temperature  is  susceptible  to  CARS  instrument  noise.  Overall,  we  estimated  the  CARS 
mean  temperature  measurement  accuracy  to  be  within  SO  K,  while  the  precision  was  well  within 
20  K.  Unlike  the  LDA,  CARS  temperature  measurements  are  time-averaged,  without  density 
biasing  effects.  We  also  discovered  that  once  system  parameters  are  optimized  and  the  dye  laser 
is  tuned,  the  CARS  system  can  run  for  long  periods  of  time.  For  example,  we  obtained 
repeatability  to  within  ±  20  K  for  a  mean  flame  temperature  of  1500  K  after  4  days  of  operation. 
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3. 


COMBUSTION  TASKS 


3.1  Step  Combustor  Task 

3.1.1  Objective.  The  provision  of  adequate  LBO  stability  in  aircraft  gas  turbine  combus¬ 
tors  is  a  long-term  problem  that  is  exacerbated  by  several  current  design  trends.  Therefore,  the 
principal  objective  of  this  task  was  to  investigate,  understand,  and  model  LBO  in  a  step  combus¬ 
tor  that  simulates  the  essential  flow  and  heat  release  features  of  a  modem  annular  aircraft  engine 
combustor. 


3.1.2  Step  Combustor.  In  a  modem  annular  gas  turbine  combustor  (Figure  1),  the  flame 
is  stabilized  by  producing  a  recirculation  zone  in  the  flow  Held.  This  zone  is  generated  by  a  com¬ 
bination  of  three  mechanisms,  namely:  (1)  an  axial  swirling  air  jet  associated  with  each  fuel 
introduction,  (2)  sudden  expansion  of  the  axial  swirling  jets  as  they  enter  the  primary  zone,  and 
(3)  back  pressure  provided  by  an  array  of  radial  air  jets  at  the  end  of  the  primary  zone. 
Therefore,  the  step  combustor  was  required  to  reproduce  this  type  of  recirculation  pattern. 
Figure  2  shows  a  schematic  diagram  of  this  combustor  whose  design  and  development  is  fully 
described  by  Sturgess  et  al.  [9]. 

Briefly,  the  research  combustor  consists  of  a  29-mm  i.d.  central  fuel  jet  of  gaseous  propane 
surrounded  by  a  40-mm  i.d.  coaxial  air  jet  located  in  a  ISO-mm  diameter  (nominal)  circular  cross 
section.  This  arrangement  creates  a  reactive  shear  layer,  similar  to  that  of  a  practical  combustor, 
in  which  combustion  is  initiated.  A  perforated  conical  baffle  inserted  five  diameters  upstream  of 
the  fuel  tube  serves  to  acoustically  isolate  the  fuel  supply  from  the  combustion  process.  The  duct 
is  closed  at  its  forward  end  to  yield  a  55-mm  wide,  backward- facing  step.  This  step  provides  two 
inside-out  recirculation  zones  that  stabilize  the  flame.  Also,  the  duct,  which  has  an  overall  length 
of  735  mm,  is  restricted  at  its  discharge  end  by  an  orifice  plate  of  45  percent  exit  blockage  ratio. 
This  simulates  the  back  pressure  provided  by  an  array  of  radial  air  jets  at  the  end  of  the  primary 
zone.  As  shown  in  Figure  2,  the  step  combustor  is  mounted  vertically  on  a  small  wind  tunnel 
The  combination  of  combustor  and  its  extension  chimney  yields  (IVD)  ratios  of  3.17,  4.9,  and 
6.5,  respectively.  Sturgess  et  al.  [9]  listed  the  unique  design  features  of  this  step  combustor. 

3.U  Test  Conditions.  A  three-component  LDA  system  for  velocity  measurements  and  a 
CARS  system  for  flame  temperature  measurements  were  arranged  on  two  separate  1.22-m-x- 
2.44-m  optics  tables  on  either  side  of  the  combustor.  Air  was  supplied  to  the  combustor  in  the 
510-Kg/hr-to-4,9()0-Kg/hr  range  at  atmospheric  pressure.  The  combustion  laboratory  provides 
gaseous  propane  and  methane  fuels  up  to  20  Kg/hr.  Ignition  of  the  combustor  was  satisfactorily 
accomplished  in  the  recirculation  zone  with  a  small  propane  torch  igniter  attached  to  the  side- 
plate  fitting.  Upon  successful  ignition,  the  torch  igniter  was  removed  and  the  fitting  was  capped. 
As  the  LOB  condition  was  approached,  the  attached  diffusion  flame  lifts  from  the  fuel  lube  and 
is  stabilized  slightly  downstream.  This  was  the  region  of  most  interest  and  relevance  to  the 
present  study. 
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3.1.4  Results.  Before  performing  combustion  tests,  acoustic  characteristics  of  this  re¬ 
search  combustor  were  investigated  because  it  was  feared  that  eddy-shedding  off  the  step  might 
result  in  satisfying  the  Rayleigh  criterion,  which,  in  turn,  could  set  up  resonance  in  the  combustor 
and  liiel  supply  tube.  Appendix  C  describes  our  results. 

(a)  Acoustic  Characteristics.  Inlet  conditions,  combustor  geometry  and  size,  and  outlet 
blockage  were  found  to  affect  the  acoustic  characteristics.  An  acoustic  isolator  in  the  fuel  tube 
and  a  step  design  that  eliminated  vortex  generation  at  the  inlet  significantly  decreased  acoustic 
coupling.  For  a  long  combustor  (L/D  =  7.3),  loud  acoustic  resonances  resembling  classic 
"rumble"  were  produced.  In  this  combustor,  dominant  frequencies  around  55  Hz  and  170  Hz 
were  observed  corresponding  to  eddy-shedding  from  the  step  and  the  quarter-wave  longitudinal 
mode,  respectively.  The  short  combustor  (L/D  =3)  simply  did  not  exert  enough  back  pressure  to 
confine  a  steady  burning  flame.  In  general,  top-hat  outlet  restrictors  produced  noisier  combus¬ 
tion  than  orifice  plates.  Finally,  a  research  step  combustor  with  a  4.9  L/D  and  fitted  with  an 
orifice  plate  with  a  0.45  blockage  ratio  provided  the  best  combination  of  LBO  and  freedom  from 
acoustic  coupling.  This  combustor  operated  in  a  stable  and  predicted  manner  under  all  the  condi¬ 
tions  of  interest;  therefore,  its  LBO  performance  was  studied. 

We  documented  the  sequence  of  events  leading  to  LBO.  As  the  overall  equivalence  ratio 
was  reduced  below  unity,  the  shear-layer  attached  flame  moved  further  downstream  into  the 
combustor  in  a  characteristic  lifted  flame  position  and  form.  Continuing  reduction  in  the  equiv¬ 
alence  ratio  produces  an  onset  of  flow  instability  in  the  lifted  flame,  increase  in  the  amplitude  of 
the  instability,  onset  of  intermittency,  severe  intermittency,  and,  finally,  onset  of  strong  axial 
flame  instability.  This  .sequence  clearly  highlights  the  complexity  of  the  LBO  mechanism  in  a 
modem  annular  gas  turbine  combustor. 

(b)  Isothermal  Flow  Field.  To  understand  the  effects  of  jet  flow  and  step-on  combustor  flow- 
field  development,  measurements  of  velocity  fields  were  performed  using  LDA  in  an  isothermal 
constant  density  flow  field.  The  fuel  Jet  Reynolds  numbers  were  in  the  l,73()-to- 17,300  range 
and  the  air  jet  Reynolds  numbers  spanned  the  7,200-to-72,000  range.  These  results  are  discussed 
in  detail  by  Sturgess  et  al.  [  10|. 

The  isothermal  flow-field  development  in  the  combustor  is  shown  in  Figures  12  and  13  of 
Sturgc.ss  et  al.  [lO].  It  revealed  the  existence  of  three  regions:  near  field,  far-field,  and  .step- 
recirculation  regions.  In  the  near-field  region,  the  distinct  high  velocity  coannular  air  jet  and  the 
low  velocity  central  fuel  jet  quickly  merge.  However,  the  initial  momentum  difference  between 
the  jets  is  .so  large  that  entrainment  of  the  central  jet  by  the  annular  jet  produces  a  central  recir¬ 
culation  bubble.  In  the  far-field  region,  the  individual  jets  lose  their  identity  and  exhibit  self¬ 
similarity.  Finally,  the  step-recirculation  region  bounds  the  near-field  and,  partly,  the  far-field 
regions.  The  initial  turbulence  generation  in  the  jet  shear  layers  is  in  accordance  with  Prandtl 
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mixing  length  theory;  however,  downstream,  the  flow  history  effects  start  to  dominate  and  tur¬ 
bulence  profiles  are  totally  unassociated  with  the  local  velocity  profiles. 

(c)  Lean  Blowout.  Figure  3  shows  the  LBO  performance  of  our  research  combustor.  The  trend 
of  LBO  vs.  air  loading  for  our  research  combustor  appears  to  be  similar  to  that  for  PSR;  the  latter 
approaches  the  characteristics  of  the  future  high-performance  annular  combustors.  Thus,  our  re- 
.scarch  combustor  correctly  reproduced  the  LBO  processes  of  a  real  gas  turbine  combustor. 
However,  to  obtain  a  complete  lean  stability  map,  the  operation  of  the  step  combustor  was  ncce.s- 
sary  at  subatmosphcric  pressure  (to  simulate  high  altitude)  and  with  finite  hack  pre.ssure  (to 
simulate  the  presence  of  dilution  air  jets).  To  .study  subatmospheric  prc.ssure  efl'ects,  we 
developed  a  novel  nitrogen  dilution  technique  (Appendix  D)  that  lowers  reactant  concentration 
and  temperature  by  virtue  of  its  heat  capacity.  It  was  found  that:  (1)  the  nitrogen  dilution  simu¬ 
lated  the  effects  on  chemical  reaction  rates  of  low  pressures  down  to  0.1  atm,  (2)  the  LBO  was 
correlated  by  an  air-loading  parameter  when  the  effective  pressure  was  used  for  the  actual  pres¬ 
sure  and  the  reaction  order  was  made  a  function  of  excess  nitrogen  flow  rate,  (3)  the  range  of 
covered  by  the  variation  in  loading  parameter  in  Figure  3  was  from  near-flammability  limit  ((>  = 
0.5)  to  near-maximum  heat  release  rate  (<^  =  0.9),  (4)  nitrogen  dilution  enabled  the  air-loading 
parameter  to  be  extended  over  3  orders  of  magnitude,  and  (5)  at  LBO,  the  step  combustor  be¬ 
haved  like  a  PSR. 

The  effects  of  back  pressure  on  the  LBO  were  investigated;  these  results  are  presented  in 
Appendix  E.  As  shown  in  Figure  4,  LBO  was  improved  by  an  increase  in  the  exit  blockage.  For 
lightly  loaded  combustor,  an  exit  blockage  of  45  percent  provides  the  best  combustion  .stability 
and  optimal  configuration.  Further,  we  discovered  that  exit  blockage  exerts  its  influence  through 
its  effect  on  the  jet  and  the  recirculation  zone  shear  layers.  Other  important  conclusions  that 
emerged  are  as  follows. 

(a)  The  back  pressure  (or  exit  blockage)  did  not  directly  affect  the  step  recirculation  zone; 
rather  the  fuel  and  air  jet  shear  layers  were  affected.  These  shear  layers  influence  both  the 
central  recirculation  bubble  and  the  step  recirculation  zone. 

(b)  The  research  combustor  exhibited  consistent  and  well-characterized  flame  behavior 
that  depends  on  the  equivalence  ratio  and  exit  blockage.  The  ability  to  reproduce  this  behavior 
will  provide  a  stringent  test  of  the  realism  of  any  numerical  modeling  of  this  combustor. 

3.1.5  Analysis.  We  participated  with  Pratt  and  Whitney  (East  Hartford  CT)  in  developing 
and  evaluating  various  theories  for  the  analysis  and  modeling  of  LBO.  Details  of  this  investiga¬ 
tion  arc  summari/cd  in  our  joint  paper  attached  a.s  Appendix  Iv  Principally,  we  evaluated  the 
following  analytical  approaches. 
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(m)  PSR  Approach.  In  this  approach,  we  successfully  correlated  LBO  against  the  loading 
parameter  (LP)  derived  from  the  chemical  reaction  nue  theory  (see  Figure  3)  but  modiHed  to  in¬ 
clude  the  effects  of  inert  excess  oxygen: 


LP  =  m  /(VP"), 
tot  ' 

(1) 

m  =  m.  +  m  +  m  . ,  and 
tot  f  a  nit 

(2) 

(3) 

where  V  is  the  combustor  volume,  P  is  the  operating  pressure,  n  is  the  apparent  global  reaction 
order,  and  m  denotes  mass  flow.  Although  the  LP  adequately  handles  the  range  of  inlet  variables 
covered  in  the  experiment,  it  cannot  be  general.  Indeed,  Figure  10  of  Appendix  F  clearly  shows 
that  this  type  of  correlation  does  not  have  general  validity  even  for  a  family  of  combustors  with 
similar  flow  patterns  but  different  scale  and  flow  parameters. 

(b)  Characteristic  Time  Approach.  This  approach  is  based  on  the  reaction-quench  model  which 
has  a  premise  that  at  LBO,  flame  propagation  will  seize  when  the  rate  of  mixing  between  small 
turbulent  eddies  of  cold  reactants  and  hot  products  is  greater  than  the  local  chemical  reaction 
rate.  This  quenching  criterion  gives: 

2  0  25 

(D  +  C  K  /o  e)  >  V  (1  +  S  /(£  V)  ).  (4) 

^  t  L 

where  D  is  the  laminar  diffusion  coefficient,  K  is  the  kinetic  energy  of  turbulence,  e  is  the  dis¬ 
sipation  rate,  C  is  constant,  o  is  the  turbulent  Schmidt  number,  and  S,  is  the  laminar  flame 
.  p  t  L 

speed. 

Since  the  quenching  criterion  requires  turbulence  parameters  for  evaluation,  isothermal 
flow  CFD  calculations  were  performed  to  provide  this  information  at  each  grid  node  and  quench¬ 
ing  WU.S  examined  on  a  point-hy-poini  basis.  Equation  (4)  did  show  limited  promise  in  the  step 
combustor  in  delineating  between  operating  conditions  where  combustion  was  possible  and 
where  it  was  not. 

(c)  Local  Stirred  Reactor  Modeling.  In  this  approach,  combustor  volume  is  represented  by  an 
equivalent  global  stirred  reactor  network.  This  enables  the  calculation  of  stability  from  thermo¬ 
chemistry  considerations.  We  applied  Swithenbank’s  [11]  dissipation  gradient  approach  for 
defining  PSR  regions  in  the  combustor.  The  resulting  reactor  was  44  percent  of  the  combustor 
volume  and  corresponded  reasonably  well  to  the  lifted  flame  observed  in  the  real  combustor.  As 
shown  in  Figure  3,  good  agreement  was  found  between  predictions  and  experiments. 
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The  eddy  dissipation  concept  (EDC)  of  Magncssen  and  Byggstoyl  [12]  was  used  to  con¬ 
struct  a  subgrid  scale  reactor  model.  In  contrast  to  the  characteristic  time  analysis  and  local 
stirred  reactor  modeling,  this  approach  tests  the  individual  reactor  stability  with  the  CFD  calcula¬ 
tions,  and  not  after  it  However,  a  characteristic  time  approach  to  LBO  within  the  EDC  model 
was  implemented  with  fast  chemistry  for  propane-air  combustion  and  tested  for  an  attached 
flame  condition  at  rich  condition.  It  was  found  that  this  model  calculated  the  lifted  flame  condi¬ 
tion  but  was  unsuccessful  in  predicting  the  all-important  attached  flame-condition. 

3.1.6  Hi^lights  and  Conclusions.  We  completed  a  systematic  investigation  of  LBO  and 
achieved  the  following  rc.sults. 

(a)  A  research  step  combustor  was  successfully  developed  and  produced  three  important 
features  of  the  flow  field  that  affect  LBO  in  a  practical  combustor:  (1)  a  reactive  shear  layer  at 
the  exit  to  the  fuel  nozzle,  (2)  inside-out  recirculation  zones,  and  (3)  back  pressure  provided  by 
dilution  air  jets. 

(b)  The  step  combustor  acoustic  characteristics  were  optimized;  this  permitted  its  opera¬ 
tion  in  a  stable  and  predictable  manner.  A  detailed  sequence  of  events  leading  to  LBO  and 
comprising  the  attached-flame  region,  lifted  shear  flame,  intermittent  shear  flame,  and  the  large- 
scale  instability  of  the  flame  front  was  observed. 

(c)  The  combustor  flow-field  measurements  revealed  three  regions:  near-field,  step- 
recirculation,  and  far-fleld  regions.  In  these  regions,  the  turbulent  fuel-air  mixing  and 
entrainment  were  governed  by  a  potential  core,  a  central  recirculation  bubble,  and  a  self-similar 
jet  development,  respectively. 

(d)  The  LBO  process  (<]>  =  1^)  in  the  step  combustor  behaved  like  a  PSR  for  LP 

values  in  the  range  0.1  to  100  Ib/s-ft  -atm  .  Also,  the  LBO  was  successfully  correlated  with  a 
standard  LP  derived  from  the  PSR  theory  and  using  Swithenbank’s  [11]  dissipation  gradient  ap¬ 
proach. 


3.2  Bluff  Body  Combustor  Task 

3.2.1  Objective.  Bluff-body  flameholders  arc  widely  used  in  ramjet  engines,  afterburners, 
and  many  other  combustion  systems  to  maintain  a  steady  flame  in  a  high-speed,  turbulent,  com¬ 
bustible  mixture.  Therefore,  the  main  objective  of  this  ta.sk  was  to  investigate  the  effects  of 
hardware  geometry  (BR  and  0),  approaching  turbulence  level  (U  and  1),  and  chemistry  ((»  on  the 
stabilization  of  flame  in  a  bluff-body  combustor. 

3.2.2  Bluff-Body  Combustor.  Figure  5  shows  the  test  rig  employed  for  these  experi¬ 
ments.  Several  stainless-steel  conical  flame  stabilizers  were  manufactured  including  two  base 
diameters,  measuring  4.44  cm  and  3.18  cm  and  corresponding  to  2S  and  13  percent  blockage 


12 


ratios,  respectively;  and  four  apex  angtes,  0  =  30,  45,  60,  and  90  degrees.  Each  stabilizer  was 
mounted  coaxially  inside  a  8-cm-x-8-cm-x-28.4-cm  test  section  with  rounded  comers  and  four 
5.64-cm-x-25.4-cm  cut-ouLs  for  quartz  windows.  This  te.st  .section  was  mounted  on  a  vertical 
combustion  tunnel.  Different  turbulence  grids  could  be  inserted  5.8  cm  upstream  of  the  base  of 
the  conical  bluff  body.  Measurements  of  turbulence  quantities,  temperature,  and  mean  wall- 
static  pressure  were  performed  downstream  of  the  confined  conical  flame  stabilizer,  using  a  two- 
component  LDA,  CARS  system,  and  precision  micromanometer,  respectively. 

3.23  Test  Conditions.  Premixed  methane-air  flames  were  studied  in  our  experiments. 
The  mean  annul^  velocitip  were  10, 15,  and  20  m/s  which  covered  a  range  of  Reynolds  number 
from  Rc^=  3x10  to  6x10  .  Zukoski  and  Marble  [13]  ^ve  pointed  out  that  the  bluff-body  wake 
region  becomes  fully  turbulent  when  Re^=  U^d/v  i  10  .  Four  different  equivalence  ratios,  0.56, 
0.65,  0.8,  0.9,  were  tested,  corresponding  to  adiabatic  flame  temperatures  of  1590  K,  1755  K, 
1990  K,  and  2130  K,  respectively.  The  inlet  turbulence  intensity  level  was  varied  from  2  percent 
to  22  percent  by  using  different  grids. 

3.2.4  Result  We  investigated  the  turbulence  and  scalar  fluctuation  properties  of  confined 
turbulent  recirculatory  flame  for  different  hardware  geometries.  These  data  were  then  inter¬ 
preted  to  elucidate  the  recirculation  zone  structure,  effects  of  flow  confinement,  the  role  of 
combustion-generated  turbulence,  and  turbulence-kinetics  interaction. 

(a)  Counted  Recirculation  Zone  Structure.  Appendix  G  describes  the  results  of  our  investiga¬ 
tions  of  the  turbulent  combustion  properties  and  the  structure  of  recirculation  zone  in  a  confined 
bluff-body  combustor.  The  size,  shape,  and  mean  flow  structure  of  the  recirculation  zone  were 
determined  by  calculating  the  spatial  distribution  of  the  mean  stream  function  y  from  the  equa¬ 
tion: 


y=j'jpUrdr.  (5) 

Also,  knowing  the  value  of  C  .  ,  we  derived  the  maximum  width  W  of  the  recirculation  zone  as: 

p,min 

W  =  R[1-{(1-BRV(1-C  .  (6) 

p,min 

From  Equation  (I),  the  ratio  of  reverse  to  total  mass  flow  rate  m  /m  was  calculated.  This  ratio 
repre.senLs  the  n*circutulion  stmngth.  Figure  6  .shows  a  .sketch  of  the  confined  recirculation  zone 
and  Table  I  ILsts  the  various  leciieulation  zone  parameters  for  confined  cold  flow,  confined 
flame,  and  open  flame,  respectively.  As  seen  in  Table  1,  the  combustor  wall  confinement  elon¬ 
gates  the  recirculation  zone  by  13  percent  over  cold  flow  and  narrows  it  by  12  percent  over  an 
open  flame.  Also,  mean  reverse  flow  velocity  and,  hence,  the  recirculated  mass  flow,  increase 
by  30  percent  over  their  corresponding  values  in  open  flame.  Finally,  in  Appendix  G,  we  note 
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that  the  flow  enveloping  the  recirculation  zone  resembles  a  normal  mixing  layer  (i.  e.,  a  =  -fO.3  to 
-0.3). 


(b)  Ittfluence  of  Geometry  and  Flow  Parameters.  In  a  paper  attached  as  Appendix  H,  we 
describe  the  effects  on  recirculation  zone  structure  and  properties  of  blockage  ratios  (13  percent 
and  25  percent),  cone  angles  (30, 4S,  60,  and  90  degrees),  equivalence  ratios  (0.56, 0.65, 0.8,  and 
0.9),  mean  annular  velocities  (10, 15,  and  20  m/s),  and  approach  turbulence  levels  (2  percent,  17 
percent,  and  22  percent).  Increasing  the  blockage  ratio  or  the  cone  angle  only  slightly  changed 
the  recirculation  zone  length  and  volume.  However,  increa.sing  the  equivalence  ratio  from  its 
lean  extinction  limit  to  near-stoichiometry  dccrea.sed  the  recirculation  zone  length  to  half  its 
original  value  and  very  close  to  its  value  in  the  cold  flow.  Also,  the  turbulent  kinetic  energy 
(TKE)  drastically  decreased,  presumably  due  to  suppression  of  turbulence  by  dilatation. 
Similariy,  increasing  the  approach  turbulence  intensity  drastically  shortens  the  recirculation  zone 
length  close  to  its  value  in  the  cold  flow. 


(c)  Scalar  Fluctuations  in  Bluff-Body  Stabilized  Flames.  We  employed  the  CARS  system  to 
perform  measurements  of  mean  and  rms  temperature  fluctuations  in  conflned  turbulent  premixed 
methane-air  flames  stabilized  on  a  conical  flameholder.  These  results,  which  are  given  in 
Appendix  I,  revealed  that  the  recirculation  zone  loses  about  5  percent  heat  to  outside  and  about  5 
to  8  percent  heat  to  the  flameholder  base.  Also,  low  rms  temperatures  (~  5  percent)  suggest  that 
a  perfectly  wcH-stirrcd  reactor  description  of  the  recirculation  zone  is  very  close  to  valid. 
Blockage  ratio,  equivalence  ratio  or  approach  turbulence  intensity  did  not  alter  the  scalar  field  in 
any  dramatic  way.  Finally,  near  the  flameholder  base,  temperature  pdfs  reveal  an  extremely  thin 
flame  front.  Downstream  of  this,  temperature  pdf  is  bimodal  and  suggests  the  presence  of  large- 
scale  coherent  structures  within  the  reacting  shear  layer.  Further  downstream,  a  thick  flame 
consisting  of  partially  bumed-unbumed  gas  states  develops. 

(d)  Chemistry  and  Turbulence  Effects.  We  studied  the  effects  of  chemistry  and  approach  tur¬ 
bulence  intensity  for  conflned,  turbulent,  and  premixed  bluff-body  stabilized  methane-air  flames. 
These  results  are  documented  in  Appendix  J. 


In  this  paper  it  is  demonstrated  that  an  increa.se  in  from  0.56  to  0.90  decreases  the  recir¬ 
culation  zone  length  dramatically  from  x/d  =  2.35  to  1.32  (i.e.,  slightly  shorter  than  that  found  in 
the  cold  flow  (x/d  =  1.52)).  It  also  accelerated  axial  mean  velocities  downstream  of  the  rear  stag¬ 
nation  point  Both  these  effects  are  a  result  of  increasing  heat  release  rates  and  fast  chemistry 
brought  about  by  increasing  the  equivalence  ratio  towards  stoichiometry.  Also,  as  the  approach 
turbulence  intensity  increases  from  2  percent  to  22  percent  the  recirculation  zone  length 
decrea.ses  rapidly  from  x/d  =  2  to  x/d  =  1.2.  Also,  the  location  of  maximum  recirculation  width 
shifts  upstream  from  x/d  »  0.8  to  0.4. 
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3.2.5  Analysis.  We  analyzed  the  effects  of  wall  confinement  and  combustion-generated 
turbulence  on  the  bluff-body  stabilized  combustion. 

(a)  Influence  of  Wall  ConflnemenL  A  bluff  body  confined  in  a  pipe  produces  an  aerodynamic 
blockage  corresponding  to  the  deflection  of  the  mean  separation  streamline  from  its  trailing  edge. 
Wall  confinement  prevents  any  significant  deflection  of  mean  flow  streamlines  and  also 
produces  flow  acceleration  to  elongate  the  recirculation  zone  as  seen  in  Table  1.  Consequently, 
in  confined  flames,  TKE  is  produced  by  the  interaction  of  Reynolds  stress  and  shear  strain  (i.e., 
via  the  term  uv  dU/dr)  and,  therefore,  restricted  to  the  shear  layer  surrounding  the  maximum 
width  of  the  recirculation  zone.  If  the  wall  confinement  is  removed,  as  is  the  case  in  open 
flames,  large  mean  streamline  curvature  and  turbulent  dilatation  would  combine  to  produce  the 
widest  recirculation  zone,  and  generate  larger  axial  and  radial  turbulence  intensities  and  turbulent 
kinetic  energy  as  compared  to  their  values  in  a  confined  flow. 

(b)  Combustion-Generated  Turbulence.  Combustion  affects  the  confined  turbulent  flow  field  in 
a  variety  of  ways.  Ballal  [14]  found  that  turbulent  dilatation  and  viscous  dissipation  processes 
suppress  llame  turbulence,  whereas  turbulent  advection  and  shear-generated  turbulence  augment 
flame  turbulence.  Depending  on  which  processes  dominate,  combustion  will  cither  produce  ad¬ 
ditional  so-called  combustion-generated  turbulence  or  damp  existing  isothermal  turbulence. 

In  our  studies  presented  in  Appendix  G,  radial  variation  of  ratio  (q  fq)  at  two  different  axial 
locations  clearly  showed  that  the  TKE  is  lower  by  as  much  as  70  percent  in  the  combusting  flow 
than  in  the  cold  flow.  This  result  suggests  that  a  minimum  shear-generated  turbulence  is 
produced  because  wall  confinement  prevents  deflection  of  mean  flow  streamlines  and  produces 
extremely  low  streamline  curvature.  In  the  absence  of  this  strong  turbulent  production 
mechanism,  the  processes  of  turbulent  dilatation  and  viscous  dissipation  take  over  to  sig¬ 
nificantly  damp  cold  flow  turbulence.  For  the  confined  flame  studied  in  Appendix  G,  we  have 
calculated  that  at  x/d  =  0.8  and  2,  the  ratio  of  production/suppression  of  turbulence  varies  be¬ 
tween  12  percent  and  33  percent,  respectively,  in  our  fuel-lean  ((>  =  0.65),  high-speed,  confined 
flame. 

(c)  Recirculation  Zone  Structure.  In  these  experiments,  wc  observed  that  increasing  the 
blockage  ratio  or  approach  How  turbulence,  and  in  the  limit  of  fast  chemistry,  the  recirculation 
zone  size  decreases  to  iLs  value  for  fully  developed,  cold  turbulent  flow  wake.  Thus,  in  the  limit 
of  a  high  Reynolds  number,  mixing-controlled  combustion,  the  recirculation  zone  size  can  be 
predicted  from  the  nonreactive  turbulence  modeling  codes.  In  contrast,  for  reaction-controlled 
combustion,  the  recirculation  zone  is  highly  elongated.  Intermediate  between  these  two  ex¬ 
tremes,  recirculation  zone  siz£  and  shape  may  vary  with  geometric  (BR,  6),  chemical  (^),  and 

flow  (U  ,  I)  parameters. 

Si 
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(d)  Turbulent  Flame  Structure.  From  the  experimental  measurements  of  scalar  fluctuations,  we 
developed  a  model  of  the  turbulent  flame  structure  enveloping  the  recirculation  zone.  This 
model  is  sketched  in  Figure  7  and  described  below. 

Turbulent  combustion  in  the  reacting  shear  layer  is  a  three-stage  preheat-ignition- 
propagation  process.  Near  the  base  of  the  bluff  body  and  along  its  edge,  the  flowing  reactants 
are  preheated  and  ignited  by  the  heat  flux  transported  radially  outward  from  the  recirculation 
zone.  Within  the  region  x/L  =  0-0.12,  ignition  of  the  incoming  reactants  takes  place  and  a  thin 
flame  that  conforms  to  the  ^fast-chemistry"  assumptions  sits  slightly  oblique  to  the  oncoming 
reactants.  This  type  of  flame  can  be  successfully  modeled  by  the  Bray-Moss-Libby  theory  1 1 S]. 

Downstream  of  this  ignition-thin  flame  region  (x/L  >  0.12),  the  temperature  remains  either 
faiiiy  constant  or  decreases  slightly  (i.e.,  dCVdr  ^  0).  'fhis  suggests  that  no  radial  heat  flux  is 
transported  and  only  entrainment  of  reactants  and  products  is  occurring  downstream.  In  this 
region,  large-scale  coherent  structures  begin  to  grow  within  the  reacting  shear  layer.  These  struc¬ 
tures  form  as  folds  around  the  flame  edge,  then  grow  in  size  downstream  to  produce  a 
convoluted  reaction  zone  with  many  isolated  pockets  of  hot-product  and  cold-reactant  gas. 
These  coherent  bodies  of  gas  are  squeezed  and  stretched  during  their  travel  through  the  flame 
and  the  entrainment  process  causes  their  growth  downstream,  thereby  thickening  the  flame. 

Further  downstream  and  in  the  vicinity  of  the  rear  stagnation  point,  the  flame  front  is  thick 
(•  4.5  mm)  and  mass  entrainment  of  fresh  reactants  is  the  dominant  mechanism  at  woik.  In  this 
region,  large  temperature  fluctuations  (C  «=  25  percent-35  percent)  are  measured.  Such  fluctua¬ 
tions  may  acoustically  couple  with  a  suflreiently  long  duct  and  produce  combustion  instability  or 
rumble  in  practical  combustors.  Clearly,  the  relatively  simple  statistical  description  of  the 
wrinkled  thin  flame  front  is  inadequate  here.  Rather,  the  "eddy-entrainment,  combustion-in¬ 
depth"  process  of  Ballal  and  Lefebvrc  fl6)  is  at  woiic.  Thus,  the  instantaneous  region  of 
combustion  is  distributed  throughout  the  time  average  of  the  combustion  zone  rather  than  being 
confined  to  a  thin  wrinkled  laminar  flame. 

Scalar  measurements  of  Shephard  et  al.  [17]  in  confined  premixed  flames  and  the  analysis 
of  Libby  and  Bray  [18]  have  found  counter-gradient  diffusion  effects  in  these  type  of  flames. 
However,  they  used  thermocouples  with  relatively  large  wire  sizes  and  it  is  possible  that  their 
flame  temperature  measurements  could  have  suffered  from  relatively  large  experimental  uncer¬ 
tainties  or  errors  discussed  earlier.  On  the  other  hand,  direct,  laser-diagnostics-based, 
nonintrusive  measurements  of  axial  and  radial  turbulent  heat  fluxes  arc  required  in  the  future  to 
examine,  in  an  unambiguous  manner,  if  counter-gradient  diffusion  exists  within  these  type  of 
flows. 

(e)  Turbulence-Chemistry  Interaction.  From  our  observations  on  the  chemistry  and  turbulence 
effects,  we  constructed,  in  Figure  8,  a  sequence  of  events  leading  to  LBO  (a  consequence  of 
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finite  chemistry).  Excess  entrainment  of  cold  reactants  in  the  thick-  flame  region  causes  flamelet 
extinction;  this  increases  the  magnitude  of  the  adverse  pressure  gradient  downstream  of  the  rear 
stagnation  point.  This,  in  turn,  increases  the  entrainment  of  the  cold  reactant  mixture,  reduces 
the  leciiculution  /.one  si/c  towards  the  cold-flow  value,  and  quenches  the  flame  in  the  preheat- 
ignition  region. 

3^.6  Highlights  and  Conclusions.  Bluff-body  flameholders  arc  widely  used  in  ramjet  en¬ 
gines,  afterburners,  and  many  other  combustion  systems  to  maintain  a  steady  flame  in  a  high¬ 
speed,  turbulent,  combustible  mixture.  We  performed  a  study  of  the  structure  of  the  recirculation 
/one  and  the  turbulent  flame  .surrounding  it  and  found  the  following. 

(a)  Wall  confinement  elongates  the  recirculation  zone  by  accelerating  the  flow  and  nar¬ 
rows  it  by  preventing  mean  streamline  curvature.  For  confined  flames,  turbulence  production  is 
mainly  due  to  a  shear-stress/mean-strain  interaction.  In  the  region  of  maximum  recirculation 
zone  width  and  around  the  stagnation  point,  the  outer  stretched  flame  resembles  a  normal  mixing 
layer. 


(b)  In  a  confined  flame,  turbulent  dilatation  and  viscous  dissipation  processes  suppress 
flame  turbulence,  whereas  turbulent  advection  and  shear-generated  turbulence  augment  flame 
turbulence.  In  our  experiments,  we  found  that  because  of  the  suppression  of  mean  streamline 
curvature  by  confinement,  the  production  of  turbulence  was  only  up  to  33  percent  of  its  damping 
due  to  dilatation  and  di.ssipation. 

(c)  The  turbulent  flame  structure  enveloping  the  recirculation  zone  comprises:  (1)  an  igni¬ 
tion  thin-flame  region  in  the  vicinity  of  the  flameholder  base,  (2)  a  reacting  shear-layer  region  of 
large-scale  coherent  structures,  and  (3)  a  thick-flame  region  in  which  entrainment  is  the 
dominant  mechanism. 

(d)  LBO  of  the  bluff-body,  stabilized,  turbulent  flame  occurs  because  excess  entrainment 
of  cold  reactants  in  the  thick-flame  region  causes  flamelet  extinction  and  increases  the  adverse 
pre.ssurc  gradient.  This,  in  turn,  increases  the  entrainment  of  the  cold  reactant  mixture  and 
quenches  the  flame  in  the  preheat- ignition  region. 

3.3  Perfectly  Stirred  Reactor  Task 

3.3.1  Objective.  The  function  of  an  advanced  combustor  system  in  tomorrow’s  engine  is 
to  pnividc  maximum  heat  relea.se,  high  comhastion  efficiency,  wide  stability  limits,  minimum 
pressure  loss,  and  multifuel  capability.  A  PSR  represents  a  laboratory  simulation  of  the  primary 
zone  of  an  advanced  combustor.  Therefore,  the  objectives  of  this  task  were:  (1)  to  design  and 
fabricate  a  PSR,  and  (2)  to  perform  preliminary  experiments  to  investigate  the  limits  of  kineti- 
cally  controlled  combustion. 
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33J,  PSR  Test  Facility.  We  performed  a  literature  review  of  previous  PSR  designs  and 
overcame  most  of  their  deficiencies  in  our  new  design. 

Figure  9  shows  a  schematic  diagram  of  our  PSR  design.  Essentially,  it  is  a  slightly 
modified  version  of  the  original  toroidal  design  of  Nenninger  et  al.  [  19].  We  cast  the  two  halves 
of  the  toroid  in  high-temperature  alumina.  The  PSR  specifications  were:  toroid  volume  =  250 
ml,  estimated  mixture  residence  time  =  1  to  6  ms,  estimated  mixing  time  =  50  to  150  pscc,  feed 
prc.ssure  =  20  to  60  psig,  feed  temperature  =  up  to  500  K,  feed  rale  =  5  to  20  gms/s,  Reynolds 
number  for  the  circulating  How  =  10  ,  and  reactor  temperature  =  15(K)  to  1950  K.  This  PSR 
receives  a  fuel/air  mixture  from  a  total  of  33,  1.04-mm  i.d.  jets  located  on  the  outside  circum¬ 
ference. 

In  our  PSR  design,  intense  mixing  within  the  reactor  volume,  caused  by  multiple  jet  injec¬ 
tion,  ensures  kinetically  controlled  combustion  even  at  relatively  high  temperatures  (1700  K). 
Also,  residence  time  and  reactor  temperature  are  very  representative  of  the  operating  conditions 
in  the  gas  turbine  primary  zone.  Finally,  large  reactor  volume  and  relatively  short  residence 
times  (below  10  ms)  eliminate  any  possibilities  of  surface  reactions.  We  completed  the  fabrica¬ 
tion  and  installation  of  the  test  facility  in  Building  490,  Room  151,  W-PAFB.  Figure  10  is  a 
schematic  diagram  of  the  PSR  test  facility.  The  main  components  of  the  test  facility  are:  (1)  a 
toroidal  WSR  cast  in  alumina,  (2)  a  stainless  steel  fuel  jet  ring,  (3)  alumina  sleeves,  (4)  an  ex¬ 
haust  section,  and  (5)  a  fuel  and  air  How  system. 

As  seen  in  Figure  10,  fuel  and  air  arc  fed  to  the  reactor  through  a  complex  network  of 
check  valves,  .solenoids,  mass  flow  controllers,  and  pressure  regulators.  The  Sierra  mass  flow 
controller  ranges  arc:  ( 1 )  main  air,  0  to  500  SLPM;  (2)  fuel,  0  to  70  SLPM;  and  (3)  exhaust  air,  0 
to  100  SLPM.  Fuel  and  air  are  premixed  and  heated  to  different  inlet  temperatures  a  short  dis¬ 
tance  upstream  of  the  fuel  jet  ring.  This  premixed  fuel-air  mixture  is  injected  into  the  PSR  and 
ignited  using  a  torch  igniter.  Check  valves  are  placed  in  the  fuel,  air,  and  nitrogen  lines  to 
prevent  flame  flashback.  The  nitrogen  line  dilutes  and  lowers  the  reactor  temperature  in  the 
vicinity  of  the  stoichiometric  operation,  and  also  floods  the  reactor  in  case  of  a  fuel-rich  blowout. 
Finally,  the  products  of  combustion  are  exhausted  through  the  PFR. 

3.3J  Tests  Planned  and  Results  Obtained.  The  PSR  tests  are  designed  to  measure  the 
global  reaction  rate,  n,  and  the  reaction  order,  k  (m  =  n/k),  for  different  JP  fuels  (i.e.,  changing 
activation  energy),  at  LBO  and  rich  blowout  (RBO)  conditions,  and  for  a  variety  of  inlet  tem¬ 
perature  conditions.  Preliminary  PSR  tests  (Figure  11)  show  LBO  results  for  methane-air 
mixtures  and  a  comparison  between  experiments  and  CHEMKIN  [20]  calculations.  In  addition, 
we  have  outlined  below  four  experiments  that  .should  be  performed  in  the  future. 
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(a)  Combustion  Performance.  Measurements  of  combustion  efficiency  and  stability  (LBO  and 
RBO)  should  be  performed  for  current  military  fuels  such  as  Jet  A,  JP-8,  JP-8+100,  model  com¬ 
pounds  comprising  JP-9(X)  and  cndothermics,  JP-900,  and  endothermic  fuels.  These  experiments 
will  cover  values  of  LP  ranging  between  ground  and  subatmospheric  pressures,  and  inlet  tem¬ 
peratures  sufficiently  high  to  prevaporize  endothermic  liquid  fuels. 

(b)  Ignition/Stabitity.  A  nitrogen-dilution  technique  developed  by  Sturgess  et  al.  (see  Appendix 
D)  should  be  used  to  simulate  high  altitude  and  measure  ignition/stability  loops. 

(c)  NO  and  Other  Emissions.  Advanced  combustor  designs  of  the  future  will  produce  a  large 
quantity  of  thermal  NO  .  The  PSR  apparatus  offers  a  unique  opportunity  to  investigate  NO 
emissions. 

(d)  Soot  and  Radiation.  Soot  produces  an  infrared/visible  target  signature  from  aircraft  and  en¬ 
hances  radiative  heat  transfer  to  the  combustor  wall;  this  reduces  combustor  durability.  We 
propo.se  that  the  PSR  be  used  to  determine  the  critical  equivalence  ratio  at  .sooting  (see  Takahashi 
and  Gla.s.sman  [21 1)  for  various  hydrocarbon  fuels  and  mixtures  including  advanced  jet  fuels,  and 
to  measure  the  soot  yield  and  exhaust  radiation  intensity  as  a  function  of  the  equivalence  ratio 
and  re.sidence  time. 

3.3.4  Analysis.  PSR  theory  is  used  to  relate  the  LP  to  combustion  efficiency,  flame  tem¬ 
perature,  blowout  limits,  and  pollutant  emissions.  The  rate  of  reaction  between  fuel  and  air  may 
be  expressed  by  the  material  balance  equation: 

<t»  m^  =  A  V  T^’^exp  (-EmT)  p"  c"’™,  (7) 

where  m  is  the  air  mass  flow  rate,  A  is  the  molecular  collision  factor,  V  is  the  combustion-zone 
volume,  ^  is  the  reaction-zone  temperature,  E  is  the  activation  energy,  R  is  the  gas  constant,  Cj. 
and  C  are  fuel  and  oxygen  concentrations,  respectively,  m  is  the  exponent  of  fuel  concentration, 
n  is  the  reaction  order,  p  is  the  density,  4  is  the  equivalence  ratio,  and  q  is  the  combustion  ef¬ 
ficiency. 

For  JP  fuels  and  weak  mixturcs,  Lefcbvre  [221  has  shown  that: 

(m /VP^)«  (l/(T''\xp(E/RT))(l-q  )(l-q  4)/q  (8) 

a  c  c  c 

Past  experimental  work  of  Longwcll  and  Weiss  [23]  revealed  that  m  =  0.75  and  the  reaction  or¬ 
der,  n,  is  1 .75  for  fuel  lean  mixtures.  Later  work  of  Ballal  and  Lefcbvre  [24]  showed  that  near 
the  lean  extinction  limit  and  for  gaseous  fuels,  m  =  0.625  and  n  =  1.25. 

For  JP  fuels  and  rich  mixtures,  n  =  1.75,  m  =  0.75,  and  Equation  (7)  becomes; 

1  75  0  75  1  25  1  75 

(m  A^P  )«(<[>  /(T  •  exp(E/RT))(l-q  )  .  (9) 

a  c  c 
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In  Equations  (7)  through  (9),  it  is  evident  that  the  combustor  LP  =  (m  A^p")  is  related  to  global 
reaction  rate  n,  combustion  efficiency  r\  ,  fuel  activation  energy  E,  and  flame  temperature  T. 
Also,  we  can  analyze  soot  emissions  from  the  PSR  by  writing  the  species  conservation  equation 
for  soot: 

m/pV(C-C  )  =  R-AR  ,  (10) 

a  s  so  f  t  ox 

where  and  are  inlet  and  outlet  soot  concentrations,  respectively,  and  R^.and  R  are  reaction 
rates  for  stwt  formation  and  oxidation  steps,  respectively.  The  roaction  rate  R^.  will  be  deter¬ 
mined  by  measuring  the  concentration  of  unbumt  hydrocarbon  and  oxygen,  while  oxidation  rate 
R^^  will  be  obtained  from  the  model  of  Nagle  and  Strickland-Constable  |25J. 

3.3.5  Highlights  and  Conclusions.  A  PSR  is  a  laboratory  combustor  whose  design  simu¬ 
lates  combustion  processes  in  the  primary  zone  of  an  advanced  gas  turbine  combustor. 

(a)  We  designed  a  toroidal  PSR  and  cast  its  two  halves  in  high-temperature  alumina.  This 
design  eliminates  most  of  the  deficiencies  and  limitations  of  previous  PSRs.  Also,  we  designed 
and  made  operational  a  PSR  test  facility. 

(b)  Preliminary  PSR  tests  yielded  LBO  equivalence  ratios  (()>  =  0.42  to  0.50)  versus  the  air 
loading  (200  to  450  slpm)  results  for  methane-air  mixtures  and  a  comparison  between  experi¬ 
ments  and  CHEMKIN  [20]  calculations  over  the  reactor  temperature  of  1500K  to  1800K. 

(c)  We  have  developed  a  PSR  theory  that  relates  the  LP  to  combustion  efficiency,  flame 
temperature,  blowout  limits,  and  pollutant  emissions.  This  analysis  serves  to  illustrate  how  the 
global  chemistry  parameters  for  computer  modeling  can  be  derived  from  PSR  experiments. 

3.4  Swirl  Combustor  Task 

3.4.1  Objective.  Swirl  is  commonly  used  in  gas  turbine  combustors  to  enhance  fuel-air 
mixing,  combustion  intensity,  and  flame  stabilization.  Therefore,  the  objectives  of  this  task 
were:  (1)  to  study  the  stability  of  jet  diffusion  flames  with  and  without  swirl,  and  (2)  to  provide 
benchmark  quality  experimental  data  for  the  evaluation  and  development  of  PDF  methods 
[26,27]  of  turbulent  combustion  modeling. 

3.4J1  Swirl  Combustor.  Figure  12  shows  the  schematic  of  a  swirl  combustor.  This  com¬ 
bustor  uses  an  arrangement  of  coannular  swirling  air  and  central  fuel  jets  confined  by  a 
coflowing,  nonswirling  airflow  with  a  uniform  velocity  distribution.  In  this  combustor,  a  tur¬ 
bulent  swirling  jet  diffusion  flame  is  stabilized  at  the  mouth  of  the  central  fuel  tube.  The  central 
fuel  tube  (9.45-mm  i.d.,  0.2  mm  lip  thickness,  and  806-mm  length)  is  made  of  stainlc.ss  steel.  It 
is  placed  concentrically  at  the  center  of  the  outer  annular  air  tube  (26.92-mm  i.d.,  769-mm 
length).  Three  fuel  tubes  with  lip  thicknesses  of  0.2,  1 .2,  and  2.4  mm  were  used.  Both  the  tubes 
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arc  centered  inside  a  vertical  combustion  chimney  (ISO  mm  x  ISO  mm  x  483  mm)  with  8S-mm- 
radius  rounded  comers.  The  chimney  has  quartz  windows  (76  x  4S7  mm)  on  all  sides  to  permit 
visual  observation  and  laser  diagnostics.  A  helical  swirler  unit  is  placed  in  the  annular  air  tube, 
96  mm  upstream  of  the  tube  exit  to  ensure  that  disturbances  caused  by  its  vanes  vanish.  Four 
swirlers  (26.9  mm  long)  with  various  vane  helix  angles  (IS,  30,  4S,  and  60  degrees)  and  one 
straight  vane  section  with  a  zero  helix  angle  were  designed. 

3.4J  Test  Conditions.  All  tests  were  performed  at  room  temperature  and  atmospheric 
pressure.  The  fuel  jet,  air  jet,  and  the  external  coflowing  stream  velocities  were  up  to  30  m/s,  10 
m/s,  and  O.S  m/s,  respectively.  The  flame  stability  limits  were  measured  as  follows.  For  a  fixed 
annular-  and  coflowing-air  flow  rates,  the  fuel  flow  rate  was  increased  gradually  until  the  flame 
attached  to  the  bumer-rim  lifted  above  the  burner  or  simply  extinguished  (blowqff).  Now,  at  the 
lift  condition,  fuel  flow  was:  (1)  decreased  until  the  flame  re-attached  to  the  bumer-rim 
(dropback),  or  (2)  increased  until  the  lifted  flame  extinguished  (blowout). 

A  three-component  LDA,  CARS,  and  Mie  scattering  systems  were  used  for  a  variety  of 
conditioned  and  unconditioned  measurements  of  mean  and  turbulent  quantities.  For  a  set  of 
values  of  jet,  annulus,  and  external  velocity,  measurements  extending  up  to  34  jet  diameters  were 
made  at  a  large  number  of  radial  locations  up  to  ±  3.2  jet  diameters. 

3.4.4  Results.  The  flame  stability  limits  essentially  define  the  operational  boundaries  of  a 
combustor.  Here,  we  present  results  on  three  aspects  of  flame  stability:  flame  lift,  flame 
stability  limits,  and  local  extinction  of  flame  due  to  large-scale  vortex  stmeture. 

(a)  Flame  lift.  Figure  13a  shows  the  stabUity  limits  of  nonswirling  methane  jet  diffusion  flames 
for  various  fuel-tube  lip  thicknesses:  sharp-edged  (0.2  mm),  medium  thickness  (1.2  mm),  and 
flat-ended  (2.4  mm).  Appendix  K  provides  detailed  results  on  the  lifting  criteria. 

The  critical  mean  jet  velocity  at  lifting  (U.  )  for  zero  annular  air  flow  was  21-22  m/s  for 
sharp-edged  and  19-20  m/s  for  medium-thickne}!.s  and  flat-ended  fuel  tubes.  For  a  2.4-mm  tube, 
U.  was  least  .sensitive  to  an  increase  in  annular  mean  air  velocity  and  the  attached  flame  region 
e:^panded  .significantly.  Further,  the  results  of  Figure  13a  demon.strate  that  the  stability  limits  for 
0.2-  and  1.2-mm  tubes  are  controlled  by  the  flame-base  mechanism  propo.sed  by  Takahashi  ct  al. 
[28],  whereas  for  the  2.4-  mm  tube,  the  recirculation  zone  produced  in  the  wake  of  the  thick  lip 
leads  to  flame  stabilization. 

(b)  Flame  StabUity  limits.  Figure  13b  shows  the  effects  of  swirl  on  the  stability  limits  for 
various  fuel-tube  lip  thicknesses.  These  measurements  were  for  swirl  angles  ranging  from  IS  to 
60  degrees.  Appendix  L  provides  the  detailed  results.  These  results  illustrate  that  the  effect  of 
swirl  was  insignificant  for  annular  air  velocity  below  O.S  m/s,  but  swirl  enhances  flame  stability 
in  a  striking  manner  above  this  value,  particularly  for  the  60-degree  vane  swirler.  As  a  result  of 
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the  strong  swirl,  the  jet  spread  angle  increases,  entrainment  goes  up,  and,  in  turn,  flame  stability 
is  enhanced.  Finally,  for  1.2-  and  2.4-mm  fuel  tubes,  the  impact  of  swirl  on  stability  was  rela¬ 
tively  weak  because  recirculation  in  the  wake  of  the  fuel  tube  and  local  extinction  were 
predominant  in  determining  flame  stability. 

(c)  Local  Flame  Extinction.  To  ascertain  the  effects  of  large-scale  vortex  structure  on  local 
flame  extinction,  we  measured  the  velocity,  crossing  frequency,  and  size  of  these  vortices.  These 
data,  presented  in  Table  2,  were  derived  by  relating  the  instantaneous  Mie  scattering  images  to 
jet  intermittency  having  a  value  I  (z,r,t)  =  1  in^t  fluid  and  I  (z,r,t)  =  0  in  external  fluid.  The  in- 
termittency  is  the  fraction  of  time  the  jet  fluid  is  present  at  a  particular  location  and  the  crossing 
frequency  f  reprc.scnts  the  number  of  crossings  from  the  jet  to  external  fluid  per  unit  time. 
Appendix  contains  the  Mie  scattering  flow  visualization  photographs  and  detailed  results  on 
local  flame  extinction. 

In  Appendix  M  are  presented  the  results  of  LDA  measurements  of  radial  profiles  of  condi¬ 
tioned  mean  and  rms  values  of  axial  and  radial  velocity.  In  the  mixing  layer,  the  jet  fluid  parcels 
had  a  higher  mean  axial  velocity  of  outward  movement  than  the  external  fluid  parcels.  These 
results  demonstrate  the  intermittent  mixing  process  due  to  large-scale  vortices,  the  occasional 
radial  jet  fluid  ejection,  and  the  engulfment  of  the  external  fluid  into  the  large-scale  structure. 

Further,  we  found  that  the  radial  velocity  gradient  of  the^mean  radial  velocity  of  the  ap¬ 
proach  flow  into  the  flame  zone  reaches  approximately  500  s  ;  the  critical  strain  rate  beyond 
which  a  methane  flame  cannot  be  stabilized.  This  high  velocity  gradient  suggests  that  condi¬ 
tions  exist  conducive  to  the  local  flame  extinction  due  to  the  radial  ejection  of  large-scale  vortex 
(i.c.,  a  thin  diffusion  layer,  low  Damkohler  number,  and  highly  strained  flame  zone). 

3.4,5  Analysis.  Our  observations  have  led  us  to  identify  flame-  lifting  eriteria,  swiri  ef¬ 
fects  on  flame  stability,  and  a  mechanism  of  local  flame  extinction. 

(a)  Flame-Lifting  Criteria,  We  have  observed  four  major  jet  diffusion  flame-lifting  criteria  and 
several  subcategories,  depending  on  the  burner  port  geometry,  flow  conditions,  and  fuel  types. 
The  physical  mechanisms  responsible  for  these  lifting  phenomena  are:  Type  I-(a)  imbalance  be¬ 
tween  the  entrained  stream  velocity  at  the  flame  base  and  the  local  maximum  burning  velocity, 

(b)  flow  field  disturbance  around  the  flame  base  caused  by  pipe-flow  turbulence;  Type  11— (a)  lo¬ 
cal  flame  extinction  at  the  breakpoint  due  to  stretch  generated  by  the  large-scale,  fuel  jet  vortices, 
(b)  local  extinction  of  the  rim  flame  followed  by  blowout,  and  (c)  local  extinction  of  the  lifted 
part  of  the  flame  followed  by  blowoff;  Type  Ill-cxtinction  of  combustion  reactions  in  the  im¬ 
mediate  wake  of  a  thick-lip  fuel  tube  due  to  the  lean  flammability  limit;  and  Type  IV-  extinclion 
of  the  aerated  wake  flame  due  to  the  penetration  of  the  fuel  jet. 
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To  elucidate  the  critical  conditions  at  the  stability  limiLs,  particularly  Types  11(a)  and  III 
described  above,  LDA  measurements  were  made  using  a  thick  fuel  tube  (9.4S-mm  i.d.  and  2.4- 
mm  lip  thickness)  under  near-limit  conditions  along  the  upper  branch  Type  (II[a])  and  the  lower 
branch  (Type  III)  of  the  stability  limit  curve.  These  measurements  show  that  when  the  large- 
scale  vortex  of  the  jet  fluid  is  ejected  radially,  the  flame  zone  is  quenched  locally  due  to  the 
outward  shift  of  the  high  fuel  concenU’ation  and  engulfment  motion  of  the  vortices.  Thus,  the 
Type  Ila  stability  is  observed  if  the  flame-base  stability  is  secured  at  either  very  low  coflowing 
air  velocities  (<0.17  m/s)  for  the  sharp-edge  nozzles  or  high  velocities  (<1.9  m/s)  for  thick-lipped 
nozzles.  The  lean-limit  extinction  lifting  (Type  HI)  occurs  for  thick-walled  tubes  for  both 
methane  and  hydrogen. 

(c)  Flame  Stability  and  Extinction.  Our  analysis  of  the  experimental  data  has  shown  that  for  lip 
thicknesses  less  than  the  minimum  quenching  distance  of  the  methane-air  mixture  (0.2  mm),  an 
increase  in  the  annular  air  velocity  markedly  decrease  the  critical  mean  jet  velocity  at  lifting. 
However,  strong  swirl  enhances  the  flame  stability  significantly  by  creating  a  toroidal  recircula¬ 
tion  zone.  For  larger  lip  thicknesses,  the  effect  of  swirl  on  the  stabiliQr  limit  was  weak  because 
the  recirculation  zone  in  the  wake  of  the  fuel-tube  lip  and  local  flame  extinction  were 
predominant  in  determining  flame  stability.  Specifically,  LDA  measuremenLs  in  the  breakpoint 
region  of  a  near-limit  swirling  flame  revealed  the  turbulence-flame  interaction  which  leads  to  lo¬ 
cal  extinction  followed  by  lifting. 

3.4.6  Highlights  and  Conclusions.  Swirl  is  commonly  employed  in  modem  combustors 
to  enhance  fuel-air  mixing,  combustion  intensity,  and  flame  stabilization.  Therefore,  we  com¬ 
pleted  a  fundamental  invf  Mgation  of  the  effects  of  swirl  on  flame  stability  and  found  the 
following. 

(a)  We  discovered  four  major  flame  lifting  criteria:  Type  I-imbalance  between  entrained 
stream  velocity  and  burning  velocity;  Type  II— disturbance  caused  by  pipe-flow  turbulence  vor¬ 
tices;  Type  ni-LBO  in  the  vicinity  of  flame  base;  and  Type  IV-extinction  of  flame  due  to  fuel 
jet  penetration. 

(b)  Swirl  improved  flame  stability  by  a  factor  of  2  (jet  velocity  doubled  from  4  m/s  to  8 
m/s  for  the  attached  flame)  by  creating  a  toroidal  recirculation  zone.  However,  for  a  fuel  tube 
with  2.4  mm  lip  thickness,  swirl  did  not  noticeably  influence  the  stability. 

(c)  In  a  jet  diffusion  flame,  intermittent  mixing  and  radial  jet  fluid  ejection  produced  by 
large-scale  vortices  cause  local  flame-quenching  or  extinction  of  a  thin,  highly  stretched  diffu¬ 
sion  flame  interface. 
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3.5  Heat  Transfer  Task 

3.5.1  Objective.  The  freestream  turbulence  level  experienced  by  a  turbine  blade 
downstream  of  the  combustor  approaches  20  percent  Until  very  recently,  heat-transfer  and  film¬ 
cooling  data  for  turbine  blade  design  were  obtained  for  very  low  values  of  freestream  turbulence. 
This  led  to  an  underestimation  of  the  turbine  blade  surface  temperatures  which,  in  practice,  can 
significantly  reduce  its  lifetime.  Therefore,  the  objective  of  this  task  was  to  study  the  effects  of 
freestream  turbulence  on  flat  plate  heat  transfer  and  provide  a  data  base  for  realistic  predictions 
of  turbine  blade  heat  transfer  using  computer  codes. 

3.5.2  Heat  Transfer  Rig.  Essentially,  the  heat  transfer  facility  dc.scribcd  in  Section  2.2 
employs  cither  the  20.3-cm-dia  ASME  or  a  6.67-X-49.53  cm  ASME  planar  free-Jet  no//Je  (lip 
thickness  =  0.64  cm).  The  3.0S-m-long  and  0.61-m-widc  flat  test  plate  was  located  many 
diameters  downstream  of  the  free-Jet  nozzle.  The  flat  plate,  which  is  embedded  with  hot  film 
and  42  fine  thermocouple  probes  for  measuring  surface  temperature  was  electrically  heated.  The 
back  face  of  the  plate  was  insulated  to  minimize  heat  loss. 

3.53  Test  Conditions.  In  our  tests,  the  mean  velocities  ranged  between  7  and  40  m/s  and 
the  rms  values  were  between  1  and  6  m/s.  The  turbulence  scales,  which  ranged  from  L/y  =  0.5 
to  S,  were  measured  using  a  hot  wire  coupled  with  an  HP  3562  dynamic  signal  analyzer.  The 
signal  analyzer  provided  a  frequency  spectrum  and  either  this  spectrum  or  its  inverse,  the 
autocorrelation  coefficient,  were  used  to  calculate  turbulence  scales.  A  three-component  LDA 
system,  which  produced  a  measurement  ellipsoid  of  25  pm  x  3  mm,  was  used  to  obtain  velocity 
and  shear  stress  profiles.  Finally,  thermocouples  provided  the  heat  transfer  coefficients  at  seven 
different  locations  covering  z/d  =  7  to  53. 

3.5.4  Results.  Appendix  N  gives  the  plots  of  wall-jet  heat-transfer  data  obtained  from  ^ur 
ex^riments  and  a  variety  of  literature  sources.  The^  data  c^ver  Reynolds  numbers  from  10  to 
10  and  the  corresponding  Stanton  numbers  from  10  to  10  .  It  is  clear  that,  in  the  presence  of  a 
free-stream  turbulence  level  up  to  20  percent,  the  resulting  heat-transfer  coefficients  are  2  to  2.5 
times  higher  than  the  turbulent  flat  plate  heat  transfer  in  the  absence  of  free-stream  turbulence. 
Also,  as  stated  in  Appendix  N,  our  wall-jet  data  superimposed  on  the  engine  data  indicated 
similar  levels  of  heat  transfer. 

To  gain  insight  into  the  effects  of  frec-strcam  turbulence  on  heat  transfer,  measurcments  of 
turbulence  velocities,  Reynolds  stresses,  and  scales  were  measured.  These  results  revealed  that 
the  center-line  velocity  and  velocity  profiles  were  locally  similar  and  the  rms  fluctuations  are 
nearly  constant  across  the  wall  layer.  The  normalized  Reynolds  stresses  (such  as  u’v’)  are 
initially  negative,  then  change  sign  at  y  =  0.6  and  remain  positive  thereafter.  This  trend  was 
similar  to  those  observed  in  other  planar  wall-jet  studies  [29J. 
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3.5.5  Analysis.  Our  experimental  results  on  heat  transfer  and  turbulence  flow-field  were 
analyzed  to  study  the  effects  of  free-stream  turbulence  on  turbine  blade  heat  transfer. 

Our  analysis  of  experimental  results  indicates  a  linear  relationship  between  the  heat  trans¬ 
fer  coefficient  and  the  freestream  turbulence  intensity.  However,  additional  parameters  (such  as 
the  ratio  (L/S)  and  Re  )  make  for  a  complex  functional  relationship  of  the  form  proposed  by 
Blair  and  Werie  (301:  ® 

St-SyStQ  =  F(Tu,a,p),  (11) 

where  a  =  (L/8)  +  2  and  p  =  3  exp  (-Re  /400  +  1). 
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We  also  performed  some  development  and  evaluation  of  mathematical  models  for  bound¬ 
ary  layer  heat  transfer  in  the  presence  of  high  free-stieam  turbulence.  A  two-dimensional 
boundary  layer  code  TEXSTAN  was  modified  to  solve  the  set  of  modeled  equations  and  to  com¬ 
pare  their  predictions  with  measurements  of  temperature  fluctuations  and  fluctuation  gradients. 
As  shown  in  Figure  14,  these  predictions  were  compared  to  the  Blair  and  Werie  [30]  data.  The 
predicted  heat  transfer  rates  arc  higher  than  those  estimated  by  the  turbulent  Prandtl  number 
models.  They  also  agree  quite  well  with  the  experimental  measurements  at  high  levels  of  free- 
stream  turbulence.  However,  for  low  values  of  free-stream  turbulence,  the  model  overpredicts 
both  Stanton  number  and  skin  friction,  C-/2.  Two  possible  reasons  for  this  are  (1)  improper  free- 
stream  thermal  boundary  conditions  or  (2)  improper  choice  of  model  constants. 

3.5.6  Highlights  and  Conclusions.  We  performed  an  investigation  of  the  effects  of  free- 
stream  turbulence  on  flat  plate  heat  transfer.  This  study  yielded  the  following  conclusions: 

(a)  Under  high  free-stream  turbulence  conditions,  our  data  yielded  values  of  heat-transfer 
coefficients  (St  =  O.OOS)  similar  to  those  obtained  on  a  turbine  blade  in  actual  engine  tests.  Thus, 
free-stream  turbulence  augments  heat  transfer  2  to  2.5  times.  This  confirmed  the  validity  and  im¬ 
portance  of  thc.se  data  .sets  to  practical  turbine  blade  cooling. 

(h)  Our  analysis  indicates  a  linear  relationship  between  heat  transfer  and  turbulence  level. 

However,  additional  parameters  (such  as  the  ratio  (L/5)  and  Re  )  make  for  a  complex  correlation. 

0 

(c)  Predictions  based  on  a  modified  two-dimensional  TEXSTAN  code  show  a  good 
qualitative  agreement  but  slightly  higher  than  measured  values  of  St  and  C^2.  This  provides 
confidence  in  the  ability  of  modeling  codes  to  predict  the  effects  of  high  free-stream  turbulence 
on  heat  transfer  in  practical  systems. 
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4. 


HIGHLIGHTS  AND  CONCLUSIONS 


In  this  section  we  analyze  our  entire  effort  from  the  viewpoint  of  program  objectives;  how 
we  met  those  objectives;  what  new  knowledge  of  interest  to  modelers  and  combustor  designers 
emerged;  how  this  knowledge  can  be  used  to  evaluate,  refine,  and  develop  woikable  models 
based  upon  a  sound  fundamental  understanding;  and  finally,  what  gaps,  if  any,  were  discovered 
that  should  form  the  basis  of  future  research. 

A  logical  starting  point  for  our  investigation  was  to  examine  the  fundamental  requirements 
of  the  combustor  design  and  modeling  needs  of  the  reactive  flow.  Of  ail  the  combustor  design 
requirements,  combustion  stability  is  the  most  important  since  it  causes  a  lo.ss  in  the  engine 
operating  envelope  and  impedes  aircraft  safety.  Stability  is  also  intimately  tied  to  combustion  ef¬ 
ficiency,  pollutant  production,  and  combustion  instability  phenomenon  such  as  rumble  and 
screech.  Therefore,  we  studied  LBO  in  a  research  step  combustor.  This  study  produced  results 
that  had  direct  aj^licability  to  the  Pratt  and  Whitney-type  annular  combustor  design.  The  design 
and  stability  of  flameholders  in  an  engine  reheat  (afterburner)  pipe  have  important  implications 
to  military  engines.  Our  investigation  of  bluff-body  stabilized  flames  produced  a  detailed 
knowledge  of  turbulent  flame  structure,  propagation,  and  LBO  of  a  flame  held  on  a  conical  bluff 
body  confined  in  a  combustor.  To  minimize  size  and  weight,  in  an  ideal  near-stoichiometric 
combustor  of  the  future,  chemical  reaction  and  not  turbulent  mixing  should  be  rate  controlling. 
A  PSR  represents  such  a  combustor  and  we  conducted  research  to  understand  the  performance  of 
this  type  of  combustor.  Swiri  is  commonly  used  in  practical  combustors  to  enhance  the  combus¬ 
tion  stability  of  a  turbulent  diffusion  flame.  Thus,  we  designed  a  swirl  combustor  and  performed 
research  on  flame  liftoff  and  blowout  phenomenon  in  a  turbulent  swirling  diffusion  flame. 
Finally,  our  analysis  and  experiments  on  fiim-cooling  provide  the  fundamental  knowledge  re¬ 
quired  to  assess  turbine  blade-cooling  effectiveness. 

4.1  HighUghts 

4.1.1  Laboratory  Combustor  DevelopmenL  We  successfully  designed  .  ;id  operated 
several  laboratory  combustors.  Each  combustor  simulated  some  important  features  of  a  practical 
gas  turbine  combustor.  For  example,  the  step  combustor  produced  the  three  important  features 
of  the  practical  combustor  flow  field;  that  is,  the  reactive  shear  layer,  inside-out  recirculation 
zones,  and  back  pressure  to  confine  the  combustion  process.  Engine  companies  such  as  Pratt  & 
Whitney  employ  tl^se  three  features  of  the  flow  Held  to  stabilize  flames  in  modem  annular  com¬ 
bustors.  Moreover,  data  obtained  from  these  combustors  closely  represent  features  of  the 
combustion  processes  in  practical  combustors. 

4.U  CARS  Measurements  in  Combustors.  We  recognized  that  in  highly  turbulent  con¬ 
fined  flames  in  practical  combustors  the  CARS  slit  function  would  vary  from  shot  to  shot  and 
depend  on  temperature,  laser  beam  intensity,  and  turbulence.  Therefore,  wc  developed  two 
novel  methods  of  CARS  temperature  calculation.  In  the  first  method,  wc  fitted  the  collected 
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CARS  spectra  using  two  parameters,  slit  width  and  temperature.  This  TPLS  method  increased 
precision  and  allowed  the  calculation  of  temperature  without  a  priori  knowledge  of  the  slit  func¬ 
tion.  In  the  second  method,  we  used  the  principle  of  local  thermodynamic  equilibrium  so  that  the 
actual  mean  temperature  and  slit  width  were  calculated  by  finding  the  intersection  of  the  two 
lines  (T  vs.  slit  width  at  constant  weighting).  This  4PI  method  guaranteed  unambiguous  tem¬ 
perature  measurement 

Overall,  we  found  the  CARS  mean  temperature  measurement  accuracy  to  be  within  50  K, 
while  the  precision  was  well  within  20  K.  We  also  discovered  that  once  system  parameters  are 
optimized  and  the  dye  laser  is  tuned,  repeatability  is  within  ±  20  K  for  a  mean  flame  temperature 
of  1500  K,  after  4  days  of  operation. 

4.U  LBO  Mechanism.  We  successfully  observed  and  documented  a  systematic  and 
detailed  sequence  of  events  leading  to  LBO  in  practical  combustors.  We  found  that  in  a  step 
combustor,  these  events  comprised  the  attached-flame  region,  lifted  shear  flame,  intermittent 
shear  flame,  the  large-scale  instability  of  the  flame  front,  and  finally  LBO.  For  a  bluff-body 
combustor,  excess  entrainment  of  cold  reactants  in  the  thick-flame  region  caused  flamelet  extinc¬ 
tion,  increased  the  adverse  pressure  gradient  and  the  entrainment  of  the  cold  reactant  mixture, 
and  quenched  the  flame  in  the  preheat-ignition  region.  Finally,  in  a  swirl  combustor  intermittent 
mixing  and  radial  jet  fluid  ejection  produced  by  large-scale  vortices  caused  local  flame  extinc¬ 
tion  of  a  thin,  highly  stretched,  diffusion-flame  interface.  These  individual  events  clearly 
highlight  the  complex  LBO  mechanism  in  a  modem  annular  gas  turbine  combustor. 

4.1.4  Recirculation  Zone  Structure.  The  flow  field  in  a  modem  annular  gas  turbine  com¬ 
bustor  may  be  categorized  into  three  regions:  near-fleld,  recirculation,  and  far-fleld  regions. 
Flame  is  stabilized  by  a  recirculation  zone  which  bounds  the  near-field  and  far-field  regions. 
Therefore,  we  investigated  the  effects  of  various  parameters  on  the  recirculation  zone  structure. 
We  found  that  back  pressure  (or  exit  blockage)  did  not  directly  affect  the  step  recirculation  zone; 
rather  the  fuel  and  air  jet  shear  layers  were  affected.  These  shear  layers  influence  both  the  com¬ 
bustor  central  recirculation  bubble  and  the  iasidc-out  step  recirculation  /.ones. 

In  contrast,  for  flames  anchored  by  the  bluff  btidy,  wall  confinement  elongated  the  recir¬ 
culation  zxine  by  accelerating  the  flow  and  narrowed  it  by  preventing  mean  streamline  curvature. 
In  the  limit  of  fast  chemisU7,  the  recirculation  zone  size  decreases  to  its  value  for  fully 
developed,  cold  turbulent  flow  wake.  In  contrast,  for  reaction-controlled  combustion,  the  recir¬ 
culation  zone  is  highly  elongated.  Finally,  we  discovered  that  swirl  enhances  flame  stability 
significantly  by  creating  a  toroidal  recirculation  zone.  However,  for  a  fuel  tube  with  an  appreci¬ 
able  lip  thickness,  swirl  did  not  noticeably  influence  stability  because  the  central  recirculation 
bubble  generated  in  the  wake  region  of  the  fuel  tube  successfully  anchored  the  flame. 
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4.13  Turbulent  Flame  Structure.  The  structure  of  a  turbulent  flame  in  the  primary  zone 
of  a  gas  turbine  combustor  is  highly  complex,  involving  contorted  flame  fronts  and  rapid  chemi¬ 
cal  reactions.  When  the  mixing  process  is  dominated  by  large-scale  turbulence,  a  high  degree  of 
unmixedness  exists  inside  the  combustor.  Such  a  combustor  design  has  good  flame  stability  and 
high-altitude  relight  capability,  but  poor  combustion  efficiency  and  soot  emission  characteristics. 
When  small-scale  turbulence  is  the  controlling  factor,  this  leads  to  a  compact,  efficient,  and  clean- 
burning  combustor  design,  but  with  a  low  combustion  stability  and  poor  relight  performance. 

The  turbulent  flame  structure  that  appears  in  the  combustor  prior  to  LBO  determines  the 
extinction  process.  Therefore,  we  conducted  a  systematic  study  of  this  structure.  We  observed 
that  at  low  fuel  flows  a  distinct  flame  attaches  itself  around  the  fuel  nozzle.  Thi.s  so-called 
"attached  flame"  structure  has  the  appearance  of  an  inverted  "classic  coke  bottle"  and  is 
remarkably  stable.  As  the  overall  equivalence  ratio  falls  below  0.65,  large-scale,  oscillatory 
axial  movement  of  the  flame  begins;  this  eventually  leads  to  LBO.  The  structure  of  the  turbulent 
flame  anchored  by  the  bluff  body  and  enveloping  the  recirculation  zone  comprises:  (1)  an 
ignition-thin  flame  region  in  the  vicinity  of  the  flameholder  base,  (2)  a  reacting  shear  layer 
region  of  large-scale  coherent  structures,  and  (3)  a  thick-flame  region  in  which  entrainment  is  the 
dominant  mechanism.  Finally,  the  high-velocity  gradients  generated  in  the  swirl  combustor 
produce  a  thin  diffusion  layer,  low  Damkohler  number,  highly  stretched  flame. 

4.1.6  Chcmlstry'Turbulciicc  Interaction.  In  ramjet  engines,  jet  afterburners,  and  gas 
turbine  combustors,  intense  turbulent  mixing  and  the  nonlinearity  of  the  chemical  kinetics  terms 
make  the  chemistry-turbulence  interaction  important  and  controlling. 

We  made  successful  correlations  of  the  LBO  in  a  step  combustor  against  LP  for  LP  values 
extending  over  3  orders  of  magnitude.  Further,  a  priori  calculation  of  LBO  was  done  using 
Swithenbank’s  [11]  dissipation  gradient  approach  of  defining  local  PSR  regions  in  the  step  com¬ 
bustor.  Such  a  network  of  stirred  reactor  nodes  yielded  good  agreement  with  experimental  data. 

We  observed  that  chemistry-turbulence  interaction  also  affected  the  structure  of  the  recir¬ 
culation  zone  and  LBO  in  the  bluff-body  combustor.  Faster  chemistry  decreased  the 
recirculation  zone  length  to  half  its  original  value.  Also,  TKE  decreased  dramatically  due  to  sup¬ 
pression  of  turbulence  by  dilatation.  Increasing  the  reactant  turbulence  intensity  drastically 
shortens  the  recirculation  zone  length  close  to  its  value  in  the  cold  flow.  The  distribution  of  both 
shear  stresses  and  TKE  shifts  from  the  outer  periphery  of  the  recirculation  zone  to  radially  in¬ 
ward  locations.  Finally,  higher  reactant  turbulence  also  increased  rms  temperature  fluctuations. 

Such  results  indicate  how  compact  the  size  of  the  primary  zone  of  a  gas  turbine  cr  mbustor 
can  be,  provided  it  operates  at  or  near-stoichiometric  equivalence  ratios.  Detailed  examination 
of  our  data  indicates  that  for  4  i  0.75,  combustion  is  kinetically  controlled  and  requires  a  recir¬ 
culation  zone  larger  than  that  for  cold  flow  in  order  to  stabilize  a  flame. 
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4.1.7  Free-stream  Turbulence  and  Heat  Transfer.  The  free-stream  turbulence  level  ex¬ 
perienced  by  a  turbine  blade  downstream  of  the  combustor  approaches  20  percent  We 
performed  an  investigation  of  the  effects  of  free-stream  turbulence  on  flat  plate  heat  transfer.  We 
discovered  that  free-stream  turbulence  augments  heat  transfer  2  to  2.S  times.  In  practice,  this 
means  free-stream  turbulence  would  cause  a  faster  decay  in  the  turbine  blade  film-cooling  effec¬ 
tiveness,  a  reduction  in  the  effective  cooling  length,  or  an  increase  in  the  film-cooling 
requirement.  Also,  our  data  yielded  heat-transfer  coefficients  around  St  =  0.005  under  high  free- 
stream  turbulence  conditions  which  are  close  to  those  obtained  on  a  turbine  blade  in  actual 
engine  tests.  Thus,  our  research  confirmed  the  validity  and  importance  of  these  data  sets  to  prac¬ 
tical  turbine  blade-cooling. 

4.1.8  Implications  to  Modeling.  The  combustor  modeling  strategy  is  essentially  based 
upon  the  simultaneous  .solution  of  the  conservation  equations  of  fluid  dynamics  and  chemical 
kinetics  within  a  framework  of  appropriate  physical  and  mathematical  assumptions.  Knowledge 
of  the  interaction  between  chemistry  and  turbulence  is  obtained  by  inspecting  the  various  terms 
constituting  the  conservation  equations  of  continuity,  momentum,  scalar  transport,  scalar  dissipa¬ 
tion,  and  turbulent  kinetic  energy.  This  exercise  revealed  marked  differences  between  the 
magnitude  of  the  terms  that  dominate  the  nonreactive  and  the  reactive  flows.  For  example,  in 
practical  combustors,  mostly  shear  generation  and  scalar  fluxes— not  the  normal  stresses—  cause 
turbulence  production.  Finally,  it  was  found  that  pressure  gradients  and  velocity-pressure  cor¬ 
relations  were  nonnegligible  and  important  in  turbulent  combusting  flows. 

The  fact  that  the  research  combustors  behave  as  PSRs  is  important  in  modeling  the  LBO. 
Our  experimental  data  were  used  by  Dr.  Sturgess  of  Pratt  and  Whitney,  East  Hartford  CT,  in 
developing  novel  combustor  modeling  schemes  (see  Appendices  D,  E,  and  F).  The  two  main 
modeling  approaches  that  enabled  the  calculation  of  stability  from  thermochemistry  considera¬ 
tions  are  those  of  Swithenbank  [11]  and  Magnessen  and  Byggstoyl  [12]. 

Based  on  Swithenbank’s  [11]  dissipation  gradient  approach,  local  volumes  enclosing  the 
highly  turbulent  portion  of  the  combustor  and  the  ones  with  the  fuel-air  mixture  within  the  flam¬ 
mability  limiLs  defined  the  PSRs.  The  resulting  reactor  was  44  percent  of  the  combustor  volume 
and  cotresptrnded  reasonably  well  to  the  lifted  flame  observed  in  the  teal  combustor.  The  eddy 
dissipation  concept  (EDC)  of  Magnessen  and  Byggstoyl  [12]  was  used  to  construct  a  subgrid 
scale  reactor  model.  In  contrast  to  the  Swithenbank  [11]  model,  this  approach  tests  the  in¬ 
dividual  reactor  stability  with  the  CFD  calculations.  It  was  found  that  this  model  calculated  the 
lifted  flame  condition  but  was  unsuccessful  in  predicting  the  all-important  attached  flame  condi¬ 
tion.  Thus,  our  experimental  studies  show  that  improvements  and  refinements  to  modeling  codes 
are  required. 

Finally,  we  discuss  what  gaps,  if  any,  were  found  in  our  knowledge  that  should  logically 
form  the  next  step  in  future  turbulent  combustion  studies. 


29 


Although  we  designed  a  toroidal  PSR  and  installed  the  test  facility  capable  of  providing 
fuel-air  mixtures  to  the  PSR,  we  could  not  complete  all  the  tests.  Preliminary  PSR  tests  yielded  a 
comparison  between  experiments  and  CHEMKIN  [20]  calculations,  and  served  to  illustrate  how 
the  global  chemistry  parameters  for  computer  modeling  could  be  derived  from  PSR  experiments. 
Given  that  we  obtained  successful  correlations  of  LBO  in  a  step  combustor  using  the  PSR  theory 
and  that  the  recirculation  zone  produced  by  the  bluff  body  also  behaves  as  a  PSR,  it  would  have 
been  very  appropriate  to  obtain  further  confirmation  of  this  behavior  from  the  PSR  tests. 

Another  problem  of  theoretical  and  practical  interest  in  turbulent  reacting  flow  rield.s  is  the 
effect  of  turbulence  on  chemical  kinetics.  The  treatment  of  chemical  kinetic  equations  in  com- 
baslion  modeling  entails  a  very  expensive  and  complex  computational  effort  because  .solutions  to 
several  hundred  kinetic  equations  must  be  obtained.  This  reduction  in  effort  may  be  possible  if 
PSR  experiments  could  be  designed  to  isolate  a  few  important  elementary  cbcmical  kinetic  reac¬ 
tions  that  dominate  the  combustion  process.  This  type  of  investigation  should  be  performed  in 
the  future. 

4.2  Concludons 

Summarized  below  are  the  important  results  and  conclusions  of  this  5-year  multifaceted  re¬ 
search  program  in  turbulent  combustion  and  heat  transfer  using  advanced  laser  diagnostics. 

(a)  We  successfully  designed  and  operated  several  laboratory  combustors  (e.g.,  the  step 
combustor,  bluff-body  combustor,  PSR,  and  swirl  combustor)  each  capable  of  simulating  some 
important  features  of  a  practical  gas  turbine  combustor.  Thus,  the  test  data  from  these  combus¬ 
tors  represent  a  very  cost  effective  and  valid  means  of  understanding  the  combustion  processes  in 
a  practical  combustor. 

(b)  We  developed  two  novel  methods  of  accounting  for  the  variation  in  the  CARS  slit  func¬ 
tion  due  to  turbulence,  beam  intensity,  and  temperature.  Thc.se  methods  have  made  possible  the 
precise,  repetitive,  and  unambiguous  measurcments  of  temperature  in  highly  turbulent,  confined 
flames.  Now,  mean  flame  temperature  measurements  can  be  performed  within  50  K,  while  the 
CARS  precision  is  well  within  ±  20  K. 

(c)  Our  studies  of  LBO  revealed  a  detailed  sequence  of  events  such  as  attached  flames, 
lifted  shear  flames,  and  intermittent  shear  flames.  Large-scale  instability  of  the  flame  front,  ex¬ 
cess  entrainment  of  cold  reactants  in  the  thickened  flame  front,  reaction-controlled  combustion, 
and  intermittent  mixing  followed  by  radial  jet  fuel  ejection  were  the  primary  causes  of  flame  ex¬ 
tinction  in  the  step  combustor,  bluff-body  combustor,  PSR,  and  .swirl  combustor,  respectively. 

(d)  Our  investigations  of  the  effects  of  various  parameters  on  the  structure  and  size  of  the 
recirculation  zone  revealed  that  (1)  back  pressure  does  not  affect  the  recirculation  zone,  (2)  wall 
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conflncment  and  reaction-controlled  combustion  strongly  affect  its  size,  and  (3)  swirl  creates  a 
toroidal  recirculation  zone  which,  in  turn,  enhances  flame  stability. 

(e)  Chemistry-turbulence  interaction  affects  the  structure  of  the  recirculation  zone  and 
LBO  in  combustors.  Faster  chemistry  decreased  the  recirculation  zone  length  to  half  its  original 
value,  whereas  slower  chemistry  (near  LBO)  produced  a  rapid  growth  in  flame  temperature  fluc¬ 
tuations.  Increasing  the  reactant  turbulence  intensity  drastically  shortened  the  recirculation  zone 
length  close  to  its  value  in  the  cold  flow.  These  results  indicate  how  compact  the  size  of  the 
primary  zone  of  a  gas  turbine  combustor  can  be,  provided  it  operates  at  or  near  stoichiometric 
equivalence  ratios. 

(0  We  discovered  that  free-stream  turbulence  augments  flat  plate  heat  transfer  by  2  to  2.5 
times.  In  practice,  this  means  that  free-stream  turbulence  would  cause  a  faster  decay  in  the  tur¬ 
bine  blade  film-cooling  effectiveness,  a  reduction  in  the  effective  cooling  length,  or  an  increase 
in  the  film-cooling  requirement 

(g)  Our  experimental  data  were  used  by  Dr.  Sturgess  of  Pratt  and  Whitney,  East  Hartford, 
CT  in  developing  two  novel  combustor  modeling  schemes  based  on  the  work  of  Swithenbank 
[11]  and  Magnessen  and  Byggstoyl  [12].  It  was  found  that  the  models  calculate  the  lifted  flame 
condition  but  are  unsuccessful  in  predicting  the  attached  flame  condition. 

To  summarize,  our  experimental  studies  have  made  a  valuable  contribution  by  providing  a 
physical  understanding  of  turbulent  combustion  and  heat  transfer,  and  also  by  making  available 
benchmark-quality  data  for  evaluating  and  refining  computer  models  used  by  industry  to  design 
gas  turbine  combustors.  Now,  the  challenge  is  to  produce  new  modeling  codes  that  can  be  used 
with  a  sufficient  degree  of  realism,  confidence,  and  certainty  to  design  practical  combustion  sys¬ 
tems. 


31 


REFERENCES 


1 .  Ballal,  D.  R.,  Lightman,  A.  J.,  and  Yaney,  P.  P.,  "Development  of  Test  Facility  and  Optical 
Instrumentation  for  Turbulent  Combustion  Research,"  AIAA  Journal  of  Propulsion  and 
Power,  Vol.  3,  1987,  pp.  97-104. 

2.  Rose,  W.  C.,  and  Johnson,  D.  A.,  "Turbulence  in  a  Shock-Wave  Boundary-Layer 
Interaction,"  AIAA  Journal,  Vol.  13,  1975,  pp.  884-889. 

3.  Yanta,  W.  J.,  and  Smith,  R.  A.,  "Measurement  of  Turbulence  Transport  Properties  Using 
an  LDA,"  AIAA-73-169,  Washington,  D.C.,  1973. 

4.  Gla.ss,  M.,  and  Bilgcr,  R.  W.,  "The  Turbulent  Jet  Diffusion  Flame  in  Coflowing  Stream- 
Some  Velocity  Measurements,"  Comifustion  Science  and  Technology,  Vol.  18,  1978,  pp. 
165-177. 

5.  Edwards,  R.  V.  (Ed.),  "Report  of  the  Special  Panel  on  Statistical  Particle  Bias  Problems  in 
Laser  Anemometry,"  Trans.  ASME,  J.  Fluids  Engineering,  Vol.  109,  1987,  pp.  89-93. 

6.  Libby,  P.  A.,  Chigier,  N.,  and  LaRue,  J.  C.,  "Conditional  Sampling  in  Turbulent 
Combustion,"  Progress  in  Energy  and  Combustion  Science,  Vol.  8, 1982,  pp.  203-231. 

7.  Dibble,  R.  W.,  Hartmann,  V.,  Schaefer,  R.  W.,  and  Killman,  W.,  "Conditional  Sampling  of 
Velocity  and  Scalars  in  Turbulent  Flames  Using  Simultaneous  LDA-Raman  Scattering," 
Experiments  in  Fluids,  Vol.  5, 1987,  pp.  103-1 13. 

8.  Vangsness,  M.  D.,  and  Heneghan,  S.  P.,  "Coherent  Anti-Stokes  Raman  Spectroscopy: 
System  Characterization  and  Reproducibility,"  CI-92-36,  Central  Stales  Section,  The 
Combustion  Institute,  Columbus  OH,  April  26-28,  1992. 

9.  Sturgess,  G.  J.,  Sloan,D.  G.,  Lesmerises,  A.  L.,  Ballal,  D.  R.,  and  Heneghan,  S.  P.,  "Design 
and  Development  of  a  Research  Combustor  for  Lean  Blow  Out  Studies,"  ASME,  Journal 
of  Engineering  for  Gas  Turbines  and  Power,  Vol.  1 14,  1992,  pp.  13-20. 

10.  Sturgess,  G.  J.,  Lesmerises,  A.  L.,  Heneghan,  S.  P.,  Vangsness,  M.  D.,  and  Ballal,  D.  R., 
"Isothermal  Flowfields  in  a  Research  Combustor  For  Lean  Blowout  Studies,"  Paper  No.  91- 
GT-37,  ASME,  Journal  of  Engineering  for  Gas  Turbines  and  Power,  1991. 

11.  Swithenbank,  J.,  "Flame  Stabilization  in  High  Velocity  Flow,"  in  H.  B.  Palmer  and  J.  M. 
Beer  (eds.).  Combustion  Technology-Some  Modem  Developments,  Academic  Press, 
1974,  pp.  125. 


32 


12.  Magnessen,  B.  F.,  and  Byggstoyl,  S.,  "A  Model  of  Flame  Extinction  In  a  Turbulent  Flow," 
in  L.  Bradbury  (ed.).  Turbulent  Shear  Flows,  Berlin:  Springer  Verlag,  1985,  pp.  67-78. 

13.  Zukoski,  E.  E.,  and  Marble,  F.  E.,  "The  Role  of  Wake  Transition  in  the  Process  of  Flame 
Stabilization  on  Bluff  Bodies,"  in  A.  H.  Lefebvre  et  al.  (eds.),  AGARD  Combustion 
Researches  and  Reviews,  London:  Butterworths  Publishing  Co.,  1955,  pp  167-180. 

14.  Ballal,  D.  R.,  "Combustion-Generated  Turbulence  in  Practical  Combustors,"  AIAA 
Journal  of  Propulsion  and  Power,  Vol.  4, 1988,  pp.  123-134. 

15.  Bray,  K.  N.  C.,  "Turbulent  Flows  With  Premixed  Reactants,"  in  Turbulent  Reacting  Flows, 
P.  A.  Libby  and  F.  A.  Williams  (eds.).  New  York:  Springer  Verlag,  1980,  pp.  1 15-183. 

16.  Ballal,  D.  R.,  and  Lefebvre,  A.  H.,  "The  Structure  and  Propagation  of  Turbulent  Flames," 
Proceedings  of  the  Royal  Society,  Vol.  A344,  London,  1974,  pp.  217-234. 

17.  Shephard,  1,  G.,  Moss,  J.  B.,  and  Bray,  K.  N.  C.,  "Turbulent  Tran.sport  in  a  Confined 
Premixed  Rame,"  Nineteenth  Symposium  (International)  on  Combustion,  Pittsburgh,  PA: 
The  Combustion  Institute,  1982,  pp.  423-431. 

18.  Libby,  P.  A.,  and  Bray,  K.  N.  C.,  "Countergradient  Diffusion  in  Premixed  Flames,"  AIAA 
Journal,  Vol.  19,  1981, 205-213. 

19.  Nenninger,  J.  E.,  Kridiotis,  A.,  Chomiak,  J.,  Longwell,  J.  P.,  and  Sarofim,  A.  F., 
"Characterization  of  a  Toroidal  Well-Stirred  Reactor,"  Twentieth  Symposium  (Int.)  on 
Combustion,  Pittsburgh  PA:  The  Combustion  Institute,  1984,  pp.  473-479. 

20.  Kee,  R.  J.,  Rupey,  F.  M.,  and  Millar,  J.  A.  ,"CHEMKIN  11:  A  Fortran  Chemical  Kinetics 
Package  for  the  Analysis  of  Gas  Phase  Chemical  Kinetics,"  Sandia  Report  89-8009, 
Livermore  CA:  Sandia  National  Laboratory,  1989. 

21.  Takahashi,  F.  and  Glassman,  1.,  "Sooting  Correlations  for  Premixed  Rames,"  CombusL 
Sci.  Technol.,  Vol.  37,  1984,  pp.  32-36. 

22.  Lefebvre,  A.  H.,  Gas  Turbine  Combustion,  New  York:  Hemisphere  Publishing  Corp., 
1983. 

23.  Longwell,  J.  P.,  and  Weiss,  M.  A.,  "High  Temperature  Reaction  Rates  in  Hydrocarbon 
Combustion,"  Industrial  and  Engineering  Chemistry,  Vol.  47, 1955,  pp.  1634-1643. 


33 


24.  Ballal,  D.  R.,  and  Lefebvie,  A.  H.,  "Weak  Extinction  Limits  of  Turbulent  Howing 
Mixtures,"  ASME  Journal  of  Engineering  for  Power,  Vol.  101, 1979,  pp.  343-348. 

25.  Nagle,  J.,  and  Stricldand-Constable,  R.  F.,  "Oxidation  of  Carbon  Between  1000-2000C," 
Proc.  Fifth  Carbon  Conf.,  Vol.  1. 1962,  pp.  154-163. 

26.  Pope,  S.  B.,  "PDF  Methods  for  Turbulent  Reactive  Flows,"  Progress  in  Energy  and 
Combustion  Science,  Vol.  11, 1985,  pp.  1 19-192. 

27.  Anand,  M.  S.,  Pope,  S.  B.,  and  Mongia,  H.  C.,  "A  PDF  Method  for  Turbulent 
Recirculatory  Flows,"  U.  S.-France  Joint  Workshop  on  Turbulent  Reactive  Rows,  Rouen, 
France.  July  1987. 

28.  Takahashi,  F.,  Mizomoto,  M..  Ikai,  S.,  and  Tsuruyama,  K.,  "Stability  Limits  of  Hydrogen- 
Air  Coflowing  Jet  Diffusion  Flames,"  AIAA  90-0034, 1990. 

29.  Lminder,  B.  E.,  and  Rodi,  W.,  "The  Turbulent  Wall  Jet-Measurements  and  Modeling," 
Annual  Reviews  of  Ruid  Mechanics,  1983,  pp.  429-458. 

30.  Blair,  M.  F.,  and  Werle,  M.  J„  "Combined  Influence  of  Freestream  Turbulence  and 
Favorable  Pressure  Gradients  on  Boundary  Layer  Transition  and  Heat  Transfer,"  Report 
No.  R81-914388-17,  United  Technologies  Research  Center,  1981. 


34 


Table  1 


Recirculation  Zone  Paramcten  in  a  Btaff  Body  StabiMaad  Turbulent 
Premixed  Flame. 
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Table  2.  Characteristics  of  the  Large>Scale  Vortex  Structures  in  a  Turbulent 
Jet  Diffusion  Flame. 
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1.  Cross  section  through  a  modem  annular  gas  turbine  combustor 
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Figure  2.  Schemutic  diagraui  uf  •  step 
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Figure  3.  LBO  performance  of  a  step  combustor  and  predictions  [11].  Also  shown  for  com¬ 
parison  are  LBO  data  fivm  PSR  and  practical  gas  turlrine  combustors. 
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Ratio  at  LBO 
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Figure  7.  Sdicnutic  diagram  of  a  turbulent  flame  structure  enveloping  die  recirculation 
aone 
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Figure  8.  Flow  chart  illustratins  die  mechaaisni  of  UulTbody  flame  stabUizatitNi  and  LBO 
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Figure  10.  Schematic  diagram  of  a  PSR  test  facility  setup 
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Figure  12.  Schematic  diagram  of  a  swirl  combustor 
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Figure  13.  Stability  limits  of  metfiaiie*air  jet  diffusion  flames;  (a)  non-sivirling  flame, 
(b)  swirling  flames 


Figure  14.  Comparison  between  TEXSTAN  code  predictions  and  experimental  results  for 
a  flat  plate  heat  transfer  in  the  presence  of  high  freestream  turbulence  level;  (a)  variation 
of  Stanton  number  with  downstream  distance,  and  (b)  variation  of  skin  friction  witii 
downstream  distance 
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Analysis  of  slit  function  errors  in  single-shot  coherent  anti-Stokes  Raman 
spectroscopy  (CARS)  in  practical  combustors 
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The  temperature  determined  by  a  single-shot  coherent  anti-Stokes  Raman  spectroscopy 
(CARS)  system  is  directly  related  to  the  half  width  at  half  maximum  of  the  instrument  slit 
function.  Therefore,  an  accurate  knowledge  of  the  instrument  slit  function  is  necessary 
to  determine  temperature  with  CARS.  However,  in  turbulent  systems,  the  input  slits  of  the 
spectrometer  may  be  removed  in  order  to  guarantee  signal  throughput  and  establish 
the  necessary  dynamic  range.  In  this  case,  the  physical  input  slits  of  the  spectrometer  are 
replaced  with  apparent  slits  created  by  focussing  the  input  beams  near  the  entrance  plane  of  the 
spectrometer.  The  slit  function  will  then  depend  on  the  physical  relationship  among  all 
of  the  optical  components,  the  probe  volume,  and  the  dispersive  performance  of  the 
spectrometer  and  detector,  as  well  as  the  optical  path  through  density  and  temperature 
gradients  which  may  not  be  invariant  in  a  turbulent  system.  The  presence  of  high  temperatures 
and  turbulence  levels  can  effect  the  size  of  the  CARS  signal  origin  and  the  optical  path, 
and  as  a  result,  the  slit  function  is  not  invariant.  Ignoring  these  changes  can  result  in  large  root 
mean  square  temperatures  (decreased  precision)  as  well  as  mean  temperature  errors. 

The  variability  of  the  slit  width  can  be  accounted  for  on  a  shot-to-shot  basis  by  using  a  two 
parameter  (HWHM  of  the  slit  function  and  temperature)  fitting  routine.  For 
temperatures  greater  than  1200  K  there  is  convergence  on  a  best  curve  implying  both  a 
temperature  and  a  slit  width.  This  method  can  be  used  alone  or  in  concert  with  various 
weighting  schemes  to  improve  the  precision.  There  are  two  major  advantages  gained  by 
allowing  the  slit  function  to  vary  in  a  CARS  system:  (a)  it  allows  an  increase  in  the  precision; 

(b)  it  allows  temperatures  to  be  calculated  without  the  assumption  that  the  slit  function 
does  not  change  with  temperature  or  turbulence  or  position  within  the  flame.  In  fact,  it  allows 
the  temperature  to  be  determined  with  almost  no  previous  knowledge  of  the  slit  function 
except  the  general  shape.  These  two  advantages  combine  to  significantly  simplify  the  study  of 
turbulent  combusting  systems  with  CARS  and  to  improve  the  precision,  both 
point-to-point  and  shot-to-shot,  of  CARS. 


I.  INTRODUCTION 

Single  pulse  coherent  anti-Stokes  Raman  spectroscopy 
(CARS)  has  shown  effectiveness  in  the  determination  of 
temperature  and  concentration  of  major  species  such  as 
Hi,  Ni,  and  Oi  as  early  as  1976.'  The  usefulness  of  CARS 
was  expanded  greatly  with  the  introduction  of  the 
BOXCARS'  set  up  to  enhance  spatial  resolution.  In  1983, 
Greenhalgh.  Porter,  and  England^  demonstrated  the  use¬ 
fulness  of  CARS  in  turbulent  combustion  processes,  while 
Goss  et  a!.*  described  a  system  that  was  capable  of  mea¬ 
suring  both  temperature  and  concentration  in  nearly  all 
turbulent  systems  because  of  its  large  dynamic  range  ( 3(X>- 
2500  K ).  Since  its  advent.  CARS  has  been  used  to  measure 
temperature  and  species  concentration  in  a  variety  of  hos¬ 
tile  environments.  The  theory  and  application  of  CARS 
have  been  reviewed  several  times.’"’ 

Despite  the  well-developed  theory  of  CARS  signal  gen¬ 
eration.  including  laser  lineshapes.’  "  and  dye  laser  mode 
noise. there  has  been  almost  no  attempt  to  consider  the 
instrument  slit  function,  the  remaining  major  broadening 
source  of  the  CARS  signal.  The  slit  function  needed  to 
accurately  calculate  the  actual  collected  spectra  cannot  be 
derived  a  priori  but  rather  a  calculated  spectrum,  neglect- 
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ing  the  slit  function,  is  convolved  with  a  “guesstimate”  of 
the  slit  function  until  the  final  convolved  spectrum  is  a 
“good  fit”  with  the  collected  spectrum  at  a  particular  tem¬ 
perature. 

The  function  that  gives  the  best  fit  is  then  assumed  to 
be  independent  of  temperature  turbulence  in  the  optical 
path.  This  slit  function  is  then  convolved  with  theoretically 
calculated  nitrogen  spectra  to  generate  a  temperature-de¬ 
pendent  library  of  spectra.  These  generated  spectra  are 
then  used  in  various  least  square  fitting  routines  with  tem¬ 
perature  as  the  only  variable  to  determine  the  best  fit  and 
estimate  of  the  actual  temperature. 

In  this  article  we  show  that  the  slit  function  in  turbu¬ 
lent  measurements  is  not  invariant  from  shot  to  shot.  This 
variation  shows  itself  by  a  decrease  in  precision"  of  the 
CARS  system,  and  can  be  corrected  by  using  a  two-param¬ 
eter  (half  width  half  maximum  of  the  slit  function  and 
temperature)  fitting  routine  instead  of  the  standard  one- 
parameter  (temperature)  routine.  While  the  two-parame¬ 
ter  fit  adds  computational  complexity  to  the  analysis,  it 
makes  the  determination  of  the  slit  function  easier.  In  ad¬ 
dition,  using  two  parameters  results  in  better  precision  and 
significantly  better  average  fits.  We  present  a  theoretical 
description  of  a  possible  source  of  the  slit  function  which 
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accouwtt  for  the  vuiabiltty. 

Fhully.  a  discusMon  ooneeming  the  effects  of  various 
wetfhting  schemes  is  included  because  CARS  tempera* 
tures  have  been  determined  using  a  variety  of  weighting 
schemes  to  increase  the  precision  (that  is  improve  the  re¬ 
producibility)  of  the  CARS  instrument.  While  these 
weighting  Khemes  lend  to  increase  the  precision  of  the 
CARS  system,  they  affect  the  accuracy  to  varying  degrees, 
as  noted  by.Snelling  tt  the  selection  of  weighting 
coefficients  appears  to  be  a  compromise  between  increasing 
the  precision,  and  avoiding  mean  temperature  shifts.  A 
description  of  various  weighting  schemes  is  included  in  the 
Appendix,  and  an  explanation  of  how  they  tend  to  mini¬ 
mize  the  variations  introduced  by  a  varying  slit  function  is 
included  in  the  discussion.  We  will  also  show  how  the 
mean  temperature  shifts  associated  with  these  weighting 
schemes  can  be  eliminated. 


II.  EXPERIMENTAL  DESCRIPTION 

The  CARS  system  hardware  and  software  are  de¬ 
scribed  by  Goss,  Trump,  and  Roquemore.'^  A  Nd:YAG 
(Quanta  Ray  DCR-2)  laser,  a  Tracor  Northern  Spectrom¬ 
eter  (TN-1710)  with  Diode  Array  Rapid  Scanning  Spec¬ 
trometer  (DARSS),  a  Spex  i  meter  grating  spectrometer, 
and  a  ModComp  Classic  32/83  Computer  comprise  the 
major  componentt  of  the  system.  The  major  purpose  of 
this  system  was  the  investigation  of  highly  turbulent  com¬ 
busting  system.  Therefore,  in  order  to  guarantee  signal 
throughput  despite  possible  beam  steering  and  establish  the 
necessary  dynamic  range,  we  have  used  Goss  ft  a/.'s  1983 
design*  in  which  there  are  no  physical  input  slits  on  the 
spectrometer.  Instead,  the  input  beams  are  focused  near 
the  entrance  plane  of  the  spectrometer,  creating  effective  or 
apparent  slits. 

The  Nd;YAG  laser  is  operated  near  full  power.  The 
infrared  radiation  is  doubled  and  the  resulting  green  light 
is  used  in  the  optical  system.  The  130  mJ  pulses  of  light 
have  a  linewidth  (half  width  at  half  maximum,  HWHM) 
less  than  0.3  cm  ~ The  spatial  distribution  of  the  green 
beams  is  nearly  TEMJi  ("donut  mode”)  with  a  diameter 
of  about  7  mm.  The  green  beam  is  divided  into  four  beams 
of  equal  intensity.  Two  of  these  become  the  pump  beams, 
while  the  other  two  pump  a  dye  laser  oscillator  and  am¬ 
plifier. 

The  dye  laser  is  nearly  coaxially  pumped  and  concen¬ 
tration  tuned.  The  oscillator  cavity  is  13  cm  long  with  flat 
reflectors  and  an  output  coupler  of  about  30%.  The  dye 
(Rhodamine  640)  concentration  is  adjusted  until  the  dye 
laser  is  tuned  to  607.3  A  (spectral  HWHM  about  60 
cm  ~  ')•  The  output  of  the  dye  laser  is  then  transformed 
with  a  telescope  to  match  the  green  beam  characteristics. 

The  red  dye  beam  (Stokes  beam)  and  the  two  green 
beams  (pump  beams)  are  then  focused  together  in  a 
"BOXCARS”  configuration.  The  input  lens  is  23  cm  focal 
length  with  input  half  angles  of  about  0.03  radians.  The 
signal  is  optimized  after  initial  lineup  by  adjusting  the  ac¬ 
tual  Stokes  beam  input  angle  and  collimation. 

The  CARS  signal  is  collected  and  focused  onto  the 
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nC.  1.  Bluff  body  combustor  used  to  (cnente  a  turbulent  confined  flame. 


“apparent”  slits  of  a  Spex  (;  m)  spectrometer  with  a  cy¬ 
lindrical  lens.  The  signal  is  then  collected  with  a  OARSS 
TN-6132  camera  and  sent  to  both  the  Tracor  Northern 
Spectrometer  and  the  Modcomp  computer  where  it  is 
stored  on  tape  for  future  analysis.  The  dispersion  of  the 
spectrometer  and  camera  is  1.24  cm  ~  '  per  digital  readout 
(pixel)  on  the  camera.  The  detector  is  2.3  cm  wide  and 
contains  1024  pixels  (about  25  /r/pixel). 

The  methane-air  flame  was  stabilized  by  a  conical  bluff 
body.  Fuel  and  air  were  premixed  at  an  equivalence  ratio  of 
0.63  and  passed  by  the  fluff  body  at  a  velocity  of  about  IS 
m/s.  The  CARS  data  used  in  this  study  were  collected  at  a 
position  that  was  off-axis  by  ^  of  the  bluff  body  diameter 
and  downstream  by  ^  diameters.  This  position  was  ex¬ 
pected  to  give  a  flame  temperature  nearly  equal  to  adia¬ 
batic  flame  temperature  (1733  K)  with  a  very  low 
RMS.'*  ”  Figure  I  shows  the  burner  configuration.  The 
combustion  characteristics  of  the  enclosed  flame  have  been 
described  previously."* 

The  spectral  basis  sets  (each  covering  230-2300  K  in 
10  K  increments)  were  generated  using  a  combination 
Gaussian  and  Lorentzian  profile  as  follows: 

slit  function=axG0Z. -I- (I  —  <i)xG, 

where  G  is  a  normalized  Gaussian,  HWHM  =  s  cm  ~ 
and  £.  is  a  normalized  Lorentzian,  HWHM  ^  1.8  s  cm  ~ 
a  =  l/(  I  -h  0.75  s),  s  varied  from  2.0  to  4.0  by  0.2  incre¬ 
ments,  0  is  meant  to  convolve  (HWHM  is  the  half  width 
at  half  maximum). 

This  combination  creates  an  effective  slit  function  that 
exhibits  the  width  of  a  Gaussian,  but  the  wings  of  a  Lorent¬ 
zian,  while  still  being  normalized.  Nearly  all  the  broaden¬ 
ing  is  determined  by  the  Gaussian  portion  of  the  slit  func¬ 
tion.  The  Lorentzian  helps  fit  the  legs  of  the  spectra.  The 
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FIG.  2.  B«i  fit  10  typical  CARS  data  using  too  small  a  slit  m-idth.  Notice 
the  best  fit  undcrcsiimates  the  width  oT  the  data  near  2320  cm  ~  '  and 
overestimates  the  height  of  the  data  near  2300  cm  '  (dau.  ■.  best  fit.-). 

width  of  the  slit  function  is  the  critical  parameter  in  deter¬ 
mining  the  temperature,  and  hereafter  the  HWHM  of  the 
Gaussian  (s)  is  used  to  describe  the  total  function,  and  will 
be  referred  to  as  the  slit  width. 

A  weighted  least-squares  fitting  routine  described  by 
Goss  tt  aL*  was  used  to  obtain  the  best  least-squares  fit. 
This  fitting  routine  allowed  a  weighting  factor  to  be  set  on 
all  points  with  frequencies  below  2306  cm  ~  ’  (i.e.,  the  ex¬ 
cited  vibrational  band  of  Nj),  emphasixing  these  points  in 
the  data  analysis.  We  have  used  three  different  weights  for 
these  points:  I,  4,  and  10. 

III.  RESULTS  AND  DISCUSSION 

During  the  course  of  analysis  of  CARS  data  on  this 
burner,  it  became  obvious  that  the  instrument  slit  width 
was  not  a  constant.  .Most  of  the  problem  has  been  attrib¬ 
uted  to  heating  of  the  optical  breadboard.  The  installation 
of  heat  shields  helped  to  minimize  the  problem,  but  did  not 
eliminate  it.  Asa  result,  it  was  necessar>  to  determine  the 
slit  width  of  the  system  at  operating  conditions.  Attempts 
to  understand  the  entire  source  of  the  slit  function  and  to 
determine  the  exact  nature  of  the  slit  function  in  our  sys¬ 
tem  after  the  burner  was  healed,  led  to  the  discovery  that 
the  slit  width  was  not  invariant.  Not  only  did  the  width  of 
the  slit  function  change  with  changes  in  the  temperature/ 
turbulence  level  in  the  burner,  but  it  varied  from  shot  to 
shot  and  from  one  location  to  another  within  the  burner. 
An  analysis  of  the  probable  sources  of  the  slit  function 
reveals  that  there  is  no  fundamental  reason  to  assume  that 
the  slit  width  of  the  system  should  remain  consunL  inde¬ 
pendent  of  the  optical  path  that  varies  with  temperature, 
density,  gradient  changes,  and  turbulence  levels,  and  con¬ 
sequently  location  in  the  burner.  However,  since  variations 
of  the  average  slit  width  with  position  have  been  described 
and  accounted  for  previously,'  we  shall  limit  our  discus¬ 
sion  to  shot  to  shot  variations. 

Figures  2  and  3  show  the  type  of  fit  that  can  be  ex¬ 
pected  (using  no  weighting  factors)  when  slit  widths  that 
are  either  too  small  or  too  large  are  used.  Looking  at  a 
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nC.  3.  Best  fil  10  typical  CARS  dau  using  too  targe  a  slii  width  Nonce 
the  best  fit  ovcrcstiinaies  the  width  cf  the  dau  near  2320  cm  ' '  and 
undemtiuaies  the  height  of  the  dau  near  2300  cm '  '  (data.  ■.  best 
fit.-). 

series  of  temperature  data  showed  that  no  one  slit  width 
svas  adequate  to  fit  all  of  the  data.  Subsequently,  we  per¬ 
mitted  the  slit  width  to  vary.  That  is,  instead  of  allowing 
only  the  temperature  to  vary,  we  allowed  the  computer  to 
scan  a  variety  of  spectra  sets,  each  generated  with  a  dif¬ 
ferent  s,  and  then  to  select  the  temperature  and  slit  width 
of  the  spectra  with  the  best  fit. 

Table  I  shows  the  type  of  mean  and  RMS  temperatures 
acquired  using  the  “best  fit’*  method  (the  temperature  ac¬ 
quired  by  allowing  the  slit  width  and  temperature  to  vary), 
and  fits  associated  with  s  =  2.2  cm  ~ '  (the  room  tempera¬ 
ture  slit  width),  2.4  cm~',  and  2.7  cm  (a  slit  width 
with  significant  implications  to  be  described  in  detail  be¬ 
low).  There  are  several  observations  to  be  made.  There  is  a 
general  decrease  in  the  RMS  value  as  the  slit  width  de¬ 
creases  or  weighting,  Wi,  increases.  The  mean  temperature 
decreases  with  increasing  weighting  for  the  small  slit 


Table  l.  Compunion  of  mean  and  R.MS  lempentum  and  fil  parame- 
icn  vs  slit  widih  and  wnghiing  (all  values  in  Kelvin). 
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FIG.  4  McoMired  mean  CARS  icmpmiure  n  HWHM  of  slil  fimctioa 
wcifhiing  factors  of  I,  4.  or  10  assigned  lo  the  “hoi  band"  of  nitrogen. 

widths,  whil«  it  is  essentially  constant  for  2.7  cm  ~  The  lit 
vahabk  has  a  minimum  using  fixed  slit  widths. 

Figure  4  shows  a  plot  of  the  mean  temperature  vs  slit 
width  s  at  constant  weighting.  The  intersection  of  the 
graphs  at  one  point  is  important,  because  it  describes  the 
average  slit  width  for  which  the  weighting  does  not  affect 
the  mean  temperature.  This  slit  width,  as  described  previ¬ 
ously,'^  b  the  only  value  of  the  average  slit  width  that 
yields  the  same  temperature  independent  of  the  vibrational 
quantum  number  (v).  If  we  assume  local  thermodynamic 
equilibrium  (LTE)  is  applicable,  then  the  rotational  tem¬ 
perature  of  the  first  excited  state  and  the  ground  state  must 
be  equal,  and  further  they  must  equal  the  vibrational  tem¬ 
perature.  In  that  case,  changing  the  weighting  on  the  v  =  1 
peak  should  have  no  effect  on  the  mean  temperature.  The 
only  HWHM  consistent  with  the  assumption  of  LTE  is  the 
one  determined  by  the  intersection  of  the  three  lines  in  Fig. 
4.  This  can  be  reasoned  by  realizing  that  all  of  the  infor¬ 
mation  about  temperature  is  contained  in  the  shape  of  the 

V  3  0  rouiional  band.  The  rotational  temperature  can  be 
obtained  by  setting  w,  =  0.  By  increasing  the  weight  of  the 

V  3  I  band,  the  rotational  temperature  of  the  “hot  band”  is 
now  considered  in  the  fitting  process  as  well  as  the  vibra¬ 
tional  temperature.  If  we  assume  that  LTE  applies,  then 
the  roMtional  and  vibrational  temperatures  are  the  same, 
and  the  average  temperature  measured  should  not  depend 
on  the  weighting  factor  used.  Thn  value  of  the  slit  width 
( j  as  2.7  cm  ~  ' )  yields  a  mean  temperature  of  1672  K  and 
RMS  of  108  K  (unity  weighting)  or  70  K.  (weighting  by 
10). 

Conversely,  allowing  the  slit  width  to  vary  for  each 
spectra  collected  yields  better  fits  on  average  than  any  av¬ 
erage  slit  width.  Since  two  parameters  are  used  to  fit  the 
spectra,  it  is  not  surprising  that  the  fit  parameter  is  im¬ 
proved.  However,  in  addition,  the  prectsion  of  the  mea¬ 
surement  is  significantly  increased  (for  unity  weighting). 
The  mean  temperature  is  32*  higher  than  found  using  2.7 
cm  ~  '.  For  weighting  equals  10.  the  increase  in  precision  is 


FIG.  5.  DUinbuliOn  of  "t»l~  slil  widihs  in  lurbulcnl  C.4RS  mensurr- 
ment  as  deictmincd  by  tsko-panmeteT  (HWHM  and  lemperaturr )  IcaM- 
squam  fit. 


only  a  few  degrees  and  the  change  in  the  mean  from  2.7 
cm  ~  '  has  decreased  to  only  1 1  K..  Weighting  the  v  =  1 
peak  has  a  similar  effect  on  the  RMS  temperature  as  al¬ 
lowing  the  slit  width  to  vary.  The  measured  mean  temper¬ 
ature  will  vary  with  the  slit  width  selected.  The  strength  of 
the  variation  decreases  with  increasing  weighting. 

If  we  believe  that  the  rotational  and  vibrational  tem¬ 
peratures  are  in  equilibrium,  then  we  cannot  accept  2.2 
cm  ~  '  as  the  appropriate  slit  width  at  the  flame  tempera¬ 
ture  and  turbulence  level.  While  there  is  a  small  difference 
between  the  r  »  2.7  cm  ' '  slit  width  (temperature  equals 
1672  K)  and  the  average  temperature  using  a  best  fit  slit 
width  (1704),  this  difference  essentially  disappears  when  a 
weighting  factor  of  10  is  used.  This  combination  of  variable 
slit  width  and  weighting  factor  of  10  yields  the  best  preci¬ 
sion  (67  K). 

The  slit  width  that  provides  the  best  fit  to  the  data 
varies  widely.  The  distribution  of  the  slit  widths  is  shown 
in  Fig.  5.  It  is  surprising  to  note  the  “best"  slit  width  vanes 
over  a  large  range  from  1.0  cm  <j<  3.0  cm  '  Since  the 
CARS  is  a  nonlinear  process,  there  is  no  reason  to  believe 
that  the  average  best  sht  is  the  same  as  the  best  average  slit 
width.  However,  the  variable  slit  should  yield  a  tempera¬ 
ture  that  is  invariant  with  weighting  since  the  individual 
“best”  slits  should  each  exhibit  equal  rotational  and  vibra¬ 
tional  temperatures. 

The  magnitude  of  the  change  in  the  mean  temperature 
(for  the  variable  slit)  as  the  weighting  is  changed  is  an 
indication  of  systematic  errors  in  the  CARS  system.  As 
described  above,  if  the  vibrational  lemperaiure  and  the  ro¬ 
tational  temperature  are  in  equilibrium,  then  putting  in¬ 
creased  emphasis  on  the  v  3  |  peak  should  not  affect  the 
mean  temperature.  Since  it  does,  it  is  indicative  of  an  ap¬ 
parent  vibrational  temperature  that  is  different  than  the 
apparent  rotational  temperature.  The  less  the  mean  tem¬ 
perature  changes  with  weighting,  the  smaller  the  difference 
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between  the  rotational  and  vibrational  temperature.  There 
are  three  major  sources  of  such  a  discrepancy:  (a)  inaccu¬ 
racies  in  the  spectral  libranes;  (b)  nonlinearities  in  the 
detector;  and  (c)  errors  in  the  dye  tuning  curve. 

The  small  variation  of  this  mean  temperature  with 
weighting  indicates  that  the  sum  of  the  errors  from  these 
three  sources  is  not  large.  The  actual  temperature  at  this 
burner  location  can  be  described  by  the  boundaries  of  these 
various  “best  methods"  calculations.  That  is,  the  mean 
temperature  is  between  1671  and  1704  K.  The  RMS  tem¬ 
perature  IS  best  represented  by  the  variable  slit  with 
weighting  10.  or  67  K. 

The  major  benefit  of  allowing  the  slit  width  to  vary  is 
that  the  slit  width  need  no  longer  be  determined  prior  to 
the  expenment.  It  is  necessary  that  the  shape  of  the  slit 
function  be  determined,  as  in  this  case  where  a  shape  has 
been  used  that  can  be  represented  by  one  variable.  Further, 
the  assumptions  that  the  slit  function  is  invariant  with  tem¬ 
perature  and  turbulence  need  no  longer  be  used.  This  as¬ 
sumption  has  been  verified  only  in  the  case  of  simple  flat 
flame  burners,  and  even  then  its  veracity  is  model  depen¬ 
dent.'^  Also,  the  alternate  methods  for  determining  the 
mean  temperature  provide  an  internal  check  on  the  sys¬ 
tematic  errors  of  the  system.  Finally,  as  an  additional  ben¬ 
efit,  it  can  be  used  to  improve  the  precision  of  the  CARS 
instrument. 

IV.  ORIGIN  OF  THE  SLIT  FUNCTION 

The  slit  function  is  convolved  from  many  sources,  in¬ 
cluding  the  pump  laser  bandwidth  and  the  resolving  power 
of  the  spectrometer  (the  classic  slit  function  of  the  spec¬ 
trometer)  and  broadening  caused  by  the  detector.  How¬ 
ever,  the  limiting  resolution  is  determined  by  either  the 
spectrometer  or  the  pump  laser  linewidth."  The  combined 
bandwidth  for  these  two  sources  does  not  exceed  0.6  cm  ~  ' 
HWHM.  The  broadband  pump  laser  has  a  width  HWHM 
<  0.5  cm  '  '.  The  spectrometer  itself  has  a  resolving  power 
of  0. 1  A  at  5000  A  or  about  0.2  cm  ~  The  combination, 
from  the  spectrometer  and  linewidth  (0.4^  +  0.2^)''^  is 
about  0.5  cm  ~  '  HWHM.  This  is  in  full  agreement  with 
similar  estimates  by  Eckbreih,^  and  obviously  small  com¬ 
pared  to  any  of  the  values  measured  in  our  system. 

The  contribution  of  the  diode  array  arising  from 
crosstalk  has  been  discussed  by  Morris  and  Mcllrath'*  and 
Eckbreth,^  and  for  our  TN-6132  DARSS.  operating  well 
below  saturation,  is  about  1.8  cm  ~  '.  To  account  for  a  slit 
width  of  about  2.5  cm  ~ '  would  require  an  additional 
broadening  mechanism  with  a  width  of  about  1.5  cm  ~  '. 

The  only  other  major  source  of  broadening  (due  to  the 
instrument )  is  the  spatial  extent  of  the  CARS  signal.  As 
noted  by  Snelling.  Sawchuck.  and  Smallwood,^  the  width 
of  a  room  temperature  signal  will  increase  with  any  defo- 
cusing  of  the  signal  at  the  detector  array.  Therefore,  the 
important  consideration  here  is  not  the  actual  probe  vol¬ 
ume.  but  tiK  siae  of  the  image  of  the  probe  volume  at  the 
detector.  In  classical  spectroscopy,  the  light  is  gathered 
and  input  to  the  spectrometer  with  the  appropriate  F# 
through  input  and  output  shts.  In  our  CARS  experiment 


no  slits  are  used,  but  rather  the  beam  is  focused  at  a  posi¬ 
tion  where  the  slits  should  be.  creating  effective  slits. 

The  input  beam  is  dispersed  (in  frequency)  by  the 
spectrometer  while  the  spatial  characteristics  (neglecting 
diffraction)  are  refocused  at  the  output  (detector).  The 
output  spread  in  space  is  therefore  a  function  of  the  beam 
spread  in  space,  due  to  frequency,  and  the  beam  spread  in 
space,  due  to  the  size  of  the  input  beam.  The  detector 
output  is  then  interpreted  as  arising  entirely  from  the  fre¬ 
quency  components  in  the  CARS  signal.  Following  this 
one  step  further,  the  input  to  the  spectrometer  is  at  b«t  the 
diffraction  limited  image  of  the  actual  source  spot  of  the 
CARS  system.  Therefore  the  instrument  function  includes 
a  convolution  of  the  probe  volume  size,  modified  by  the 
system  transfer  function. 

If  we  estimate  the  probe  volume  following  Eckbreth* 
we  calculate  between  30  and  60  fim  diameter  ( transverse  to 
the  propagation  direction).  In  this  case  the  collecting  and 
focusing  optics  would  need  to  introduce  an  aberration  fac¬ 
tor  of  less  than  2  for  the  output  beam  to  have  a  spatial 
extent  of  about  60  ftm.  If  we  use  a  significantly  smaller 
estimate  of  the  probe  volume^'  then  optical  train  would 
need  to  produce  a  proportionately  greater  aberration  to 
account  for  a  60  fim  diameter.  In  our  detector,  this  spatial 
extent  would  be  indicative  of  a  half  width  of  1.5  cm~  ' 
HWHM  (based  on  our  DARSS  camera  and  resolution  of 
25  Jim  per  pixel  and  1.24  cm  "  '  per  pixel.)  It  is  obvious 
that  this  could  be  a  major  source  of  the  instrument  slit 
function,  as  the  vector  sum  of  the  identified  instrument 
broadening  sources  ( 1.8*  0.6*  -)-  1.5*)®  ’  is  2.4  cm  ~  '  and 

depends  on  the  spatial  extent  of  the  CARS  signal. 

Further,  the  actual  size  of  the  probe  volume  is  highly 
dependent  on  the  optical  path  and  focussing  charactenstics 
of  the  three  beams  as  they  approach  the  crossing  point  in 
the  BOXCARS  setup.  The  beam  steering  and  defocusing 
characteristics  of  combusting/turbulent  media  have  also 
been  recognized  previously.  Goss  recognized  the  problem 
of  turbulence^  and  even  discussed  it  in  terms  of  log-ampli¬ 
tude  theory.**  However,  Goss  worked  strictly  with  collin- 
ear  CARS  geometry  to  eliminate  the  difficult  problems  as¬ 
sociated  with  beam  wander  and  interaction-volume 
overlap.  Bedue  ei  a/.*'  have  noted  that  beam  steering  and 
defocusing  can  have  several  effects  on  the  CARS  signal, 
including  changing  the  apparent  resolving  power  of  the 
spectrograph  as  a  result  of  beam  spreading  at  the  plane  of 
the  entrance  slit.  In  the  BOXCARS  geometry,  even  small 
changes  in  focusing  or  direction  can  affect  the  overlap  vol¬ 
ume  and  the  resultant  slit  function.  Our  observation  of  a 
varying  slit  width  is  consistent  with  previous  observations 
and  theory  concerning  the  probe  volume. 

V.  EFFECT  OF  WEIGHTING 

It  has  been  noted  that  using  a  weighting  scheme  has 
the  advantage  of  increasing  the  precision  of  the  CARS 
system.  In  general,  it  has  bem  observed  that  placing  addi¬ 
tional  weighting  on  the  v  =  I  portion  will  reduce  the  mea¬ 
sured  root  mean  square  (RMS)  temperature.  We  have 
shown  that  the  precision  of  the  CARS  system  can  be  in- 
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ized  to  the  maximum  signal  (always  the  v  s  0  peak),  forc¬ 
ing  the  curve  to  fit  the  peak  height  of  the  vs  I,  peak 
height  places  significant  emphasis  on  the  vibrational  tem¬ 
perature.  The  slit  width,  since  it  is  small  compared  to  the 
peak  spacing,  does  not  change  the  ratio  of  the  peak  heights, 
but  can  (Aviously  change  the  full  width  at  half  maximum 
(PVHM).  Increasing  the  weighting  of  the  v  =  1  band  in¬ 
creases  the  precision  (reduces  the  RMS)  by  essentially  re¬ 
moving  the  sensitivity  of  the  CARS  instrument  to  the 
width  of  the  slit  function.  That  is,  by  emphasizing  the  vi¬ 
brational  temperature  (not  strongly  dependent  on  the  slit 
width)  versus  the  routional  temperature  (strongly  depen¬ 
dent  on  the  slit  width)  would  result  in  an  increase  in  the 
precision  in  any  system  where  the  slit  function  was  not 
constant. 


FIG.  a.  Eicct  of  liu  ea  widih  of  v  =  0  peak  vs  ihe  ratio  of  v  >  t/v  =  0 
ahowa  for  HWHM  »  2  0  cai  ' 

creased  without  any  weighting  scheme  if  the  CARS  slit 
width  is  allowed  to  vary. 

To  understand  how  increasing  the  weighting  of  the 
low-frequency  portion  of  the  Nj  vibration  spectra  increases 
the  precision,  consider  that  the  CARS  signal  is  composed 
of  two  peaks.  The  first  peak  (v  x  0)  contains  only  infor¬ 
mation  concerning  the  routional  temperature  of  the  lowest 
vibrational  level.  The  second  peak  ( v  »  I )  contains  infor¬ 
mation  concerning  both  the  routional  temperature  of  the 
higher  vibrational  peak,  and  also  all  the  information  con¬ 
cerning  the  vibrational  temperature.  The  vibrational  tem¬ 
perature  is  contained  in  the  height  (normalized  to  the  first 
peak),  while  the  routional  temperature  is  in  the  width. 
The  slit  width  (2  cm  ~ ')  is  narrow  compared  to  the  vibra¬ 
tional  spacing  ( 30  cm  ~ ' )  but  wide  compared  to  the  rou- 
tkmal  spacing.  It  will  therefore  affect  the  width  of  the  ro¬ 
tational  band  more  than  the  ratio  of  the  vibrational  band 
peak  heights.  Figures  6  and  7  show  how  two  different  slit 
widths  produce  spectra  with  significantly  different  widths 
in  the  V  «  0  band,  but  with  an  essentially  constant  ratio  of 
peak  heights  (v  »  t/v  »  0).  Since  the  curves  are  normal- 
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FIG.  1.  EiiRl  of  slit  on  vidlh  ct  vmO  pnfc  vs  ibe  raiio  of  v  »  l/v  »  0 
shown  for  HWHM  >  1.0  cm  ' '. 


VI.  RECOMMENDATIONS  AND  APPLICABILITY 

There  has  been  and  continues  to  be  significant  effort  in 
the  development  of  CARS  as  a  diagnostic  for  turbulent 
combustion  systems.  Much  of  this  cffon  is  directed  to¬ 
wards  determination  of  the  slit  function,  esublishing 
weighting  factors  for  curve  fitting  routines,  and  increasing 
the  precision  of  the  CARS  systems.  The  technique  de¬ 
scribed  here  should  be  useful  to  help  determine  the  appro¬ 
priate  slit  width,  and  to  increase  the  precision.  In  the  study 
of  highly  turbulent  systems,  where  no  physical  input  slits 
are  used,  this  technique  may  be  necessary  to  acquire  accu¬ 
rate  mean  and  RMS  temperatures. 

If  signal  throughput  can  be  maintained  even  through 
narrow  slits,  the  importance  of  such  a  correction  decreases. 
Obviously,  in  the  limit  that  the  input  slit  to  the  spectrom¬ 
eter  goes  to  zero,  the  appropriate  slit  function  depends  only 
on  the  spectrometer,  and  not  on  any  of  the  source  and 
focusing  optics  (assuming  that  the  spectrometer  is 
matched)  and  would  be  invariant  from  shot  to  shot.  As  the 
slits  to  the  spectrometer  are  opened  to  increase  signal 
throughput,  or  if  the  input  is  too  large,  then  variations 
of  the  apparent  slit  width  can  occur  from  shot  to  shot.  The 
magnitude  and  importance  of  these  variations  will  depend 
on  the  amount  of  beam  steering  and  focusing  caused  by 
any  turbulence  of  non-linear  beam  propagation  effect.  The 
less  turbulent  a  system,  the  smaller  the  slit  width  variation. 
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APPENDIX 

There  have  been  four  basic  weighting  schemes: 

1.  Linear  least  squares — no  weighting' 

Fitting  to  a  linearized  function  In  5,  vs  J{J  -  1 ): 

2.  Nonlinear  least  squares — weighting  low  frequen¬ 

cies'^  minimize  £(5,  -  T,)^w^ 

3.  Nonlinear  least  squares — minimizing''* 
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I(lnS,-ln  7‘,)-rp 

4.  Weighted  nonlinear  least  squares  Fit'* 

minimize  2  (5,  —  T,)'/a~, 

where  5,  refers  to  the  signal.  T,  refers  to  the  theoretical 
signal,  J  is  the  rotational  quantum  number,  i  refers  to  the 
particular  pixel/frequency,  a  refers  to  the  noise  associated 
With  the  actual  signal,  w,  —  1  if  frequency  >  2306  cm  ~ 

U!,  =  1, 4.  or  10  if  frequency  <  2306  cm  " 

Weighting  scheme  2  has  the  obvious  effect  of  placing 
additional  weight  on  the  low  frequency  portion  of  the  N2 
vibrational  spectrum.  These  low  frequencies  are  associated 
with  transitions  arising  from  in  the  first  excited  vibra¬ 
tional  state  (v=  I).  Even  at  1800  K  this  portion  of  the 
spectrum  is  only  about  15%  as  strong  as  the  portion  re¬ 
sulting  from  the  V  =  0  population.  That  is.  it  places  most  of 
the  emphasis  of  the  fitting  routine  on  those  positions  with 
the  weakest  signals. 

Weighting  scheme  3  exhibits  a  similar  tendency  as 
scheme  2  as  follows: 

5.  (In  5.  -  In  r,)^7-,=  7-,{ln(5/r,)]-’; 

6.  =  r,  ln(  1  -f  where  A,  =  T,  -  S; 

7.  aHl  A/r,  -I-  (A/ri)V21  and  since  2A/r, 
=  0  and  IT,  is  nearly  constant; 

8.  minimizing  2(  A,) VT*,. 

This  shows  that  to  first-order  approximation,  the  non¬ 
linear  least-square  analysis  (based  on  Poisson  statistics)  is 
a  least-square  fit  with  a  weighting  factor  =  l/T^  This  is 
essentially  the  same  result  suggested  by  Bevington,^^  that 
the  method  of  maximum  probable  likelihood  using  Poisson 
statistics  can  be  approximated  by  a  least-squares  fit  (based 
on  Gaussian  statistics)  with  =  Sr 

It  is  not  obvious  that  weighting  scheme  4  also  places 
increased  weighting  on  the  smaller  values.  However,  ac¬ 
cording  to  Snelling  et  a/.,'^  the  CARS  noise  can  be  deter¬ 
mined  as  a  quadratic  function  of  the  CARS  signal  [Eq. 
(9)]: 

9.  of  =  constant  +  kS,  -i-  mS;.  k  accounts  for  shot 
noise,  m  accounts  for  CARS  noise. 

Since  m  is  difficult  to  determine,  the  CARS  noise  is 
estimated  by  4%  of  the  signal.  This  method  puts  less  em¬ 
phasis  on  pixels  with  zero  signal  than  does  scheme  2,  but 
still  tends  to  emphasize  small  signals  as  compared  to  large 
signals. 
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The  determination  of  temperatures  using  single-shot  coherent  anti-Stokes  Raman 
spectroscopy  normally  requires  an  accurate  measurement  of  the  instrument  slit  function.  This 
slit  function  is  normally  determined  at  a  known  temperature,  and  then  assumed  to  be 
the  applicable  function  at  all  temperatures  and  independent  of  the  optical  path  which  varies 
with  density  or  temperature  gradients.  In  this  communication  we  show  a  simple  method 
of  determining  the  width  of  the  slit  function  from  the  collected  data  at  the  actual 
temperature  and  turbulence  level.  This  method  depends  on  local  thermodynamic  equilibrium 
and  is  a  generally  applicable  technique  to  determine  the  instrument  slit  function.  It  is 
limited  to  temperatures  in  excess  of  1100  K,  as  it  requim  that  there  be  a  nonzero  signal  in 
the  w  =  1  vibrational  level  of  N2. 


Single-shot  coherent  anti-Stokes  Raman  spectroscopy 
(CARS)  has  been  used  to  evaluate  temperatures  in  highly 
turbulent  flames''^  by  comparing  actual  nitrogen  spectra  to 
calculated  spectra.  The  calculation  of  a  nitrogen  CARS 
spectrum  requires  knowledge  of  the  instrument  slit  func¬ 
tion.  To  determine  the  slit  function,  nitrogen  spectra  are 
calculated  and  compared  with  spectra  collected  at  a  known 
temperature  (often  room  temperature).  The  difference  be¬ 
tween  the  two  spectra  is  attributed  to  the  instrument  slit 
function,  which  is  then  determined  and  assumed  to  remain 
consunt.  independent  of  temperature  and  turbulence  level. 
The  conect  evaluation  of  the  slit  function  is  critical  to  the 
operation  of  a  CARS  system. 

In  recent  experiments  with  enclosed  flames,  we  have 
gathered  significant  evidence  that  the  slit  function  at  high 
temperature  and  turbulence  was  not  the  same  function  that 
was  applicable  at  room  temperature  and  no  turbulence. 
Further,  the  slit  function  was  not  independent  of  the  loca¬ 
tion  of  the  diagnostic  volume  inside  the  flame.  The  varia¬ 
tion  in  slit  function  can  be  attributed  to  changes  in  the 
optical  path  as  a  result  of  density  and  temperature  gradi¬ 
ents.  By  applying  the  principle  of  local  'hermodynamic 
equilibrium  (LTE),  we  have  determined  a  quick  and  effi¬ 
cient  method  of  calculating  the  mean  and  root-mean- 
square  (rms)  temperatures  and  the  width  of  the  slit  func¬ 
tion  applicable  to  the  temperature  and  turbulent  conditions 
under  study. 

We  have  determined  point-to-point  variations  in  the 
slit  functions  of  5%-l0%,  which  would  have  caused  errors 
in  the  measured  mean  temperatures  of  15-30  K.  This  tech¬ 
nique  is  applicable  to  the  study  of  temperatures  greater 
than  1100  K,  but  loses  sensitivity  at  lo.ver  temperatures, 
because  it  depends  on  a  nonzero  signal  level  in  the  region 
of  2300  cm  ~  ',  the  portion  of  the  spectrum  associated  with 
N2(i;=  I). 

The  CARS  system  is  essentially  the  same  as  described 
by  Goss  et  ai '  A  box  configuration^  is  used  to  generate  the 
CARS  signal,  which  is  collected  by  a  Spex  spectrometer, 
diode  array  rapid-scanning  spectrometer  camera,  and  Tra- 
cor  Northern  multichannel  analyzer.  The  collected  signals 


are  stored  on  Upe  by  a  MODCOMP  Classic  32/85  com¬ 
puter. 

The  spectral  basis  sets  are  generated  using  a  combina¬ 
tion  Gaussian  and  Lorentzian  profiles  as  follows:  slit 
function  =  0-35 xCsI.  -I-  0.65 xG,  where  G  is  a  normal¬ 
ized  Gaussian,  half  width  at  half  maximum  (HWHM)  =  a 
cm  ~  and  L  is  a  normalized  Lorentzian,  HWHM  =  1 .8  a 
cm  ~  o  varied  from  2.0  to  4.0  by  0.2  increments,  and  « 
is  meant  to  convolve.  Nearly  all  the  broadening  is  deter¬ 
mined  by  the  Gaussian  portion  of  the  slit  function.  The 
Lorentzian  helps  fit  the  legs  of  the  spectra.  Many  different 
shapes  have  been  proposed  for  the  slit  function,  but  is  the 
HWHM  which  is  most  critical  in  determining  the  temper¬ 
ature,  and  hereafter  the  entire  slit  function  will  be  repre¬ 
sented  by  its  Gaussian  width  (HWHM). 

The  enclosed  flame  has  been  described  previously.* 
The  bluff-body-stabilizcd  methane  flame  has  an  adiabatic 
flame  temperature  of  about  1755  K.  The  mean  temperature 
is  expected  to  be  near  adiabatic  in  the  recirculation  zone, 
while  the  rms  temperature  is  expected  to  be  under  50  K. 
The  radial  profile  of  the  flame  is  expected  to  be  nearly  flat 
to  the  edge  of  the  flame’  (about  23  mm  from  the  center). 

We  have  noted  ( Fig.  1 )  that  the  me^r.  temperature  is 
very  nearly  a  linear  function  of  the  Gaussian  width 
(HWHM).  A  linear  relation  holds  regardless  of  the 
weighting  used  in  the  least-squares  fitting  routine  for  fre¬ 
quencies  below  2306  cm  "  '  (those  frequencies  associated 
with  the  nitrogen  molecule  in  vibrational  state  i;  =  I ).  Fur¬ 
ther.  the  slope  of  the  lines  varies  with  the  weighting 
(curves  2  and  3  of  Fig.  I ).  This  same  trend,  i.e.,  increasing 
the  weighting  on  the  t;  =  1  peak  causing  a  shift  in  the  mean 
temperature,  was  noted  by  Snelling  et  aL*  The  interesting 
point  in  Fig.  1  is  the  intersection  of  the  three  lines,  since 
obviously  if  the  HWHM  were  selected  appropriately,  the 
mean  temperature  would  not  change  with  changing  the 
weighting  on  the  v  =  1  portion  of  the  spectra. 

If  we  assume  that  LTE  is  applicable,  then  the  rota¬ 
tional  temperature  of  the  first  excited  state  and  ground 
sute  must  be  equal,  and  further,  they  must  equal  the  vi¬ 
brational  temperature.  In  that  case,  changing  the  weighting 
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FIG  I  Mail  lempcrtium  (K)  vs  HWHM  and  wcichtiiii. 

on  the  I-  s  I  peak  should  have  no  effect  on  the  mean  tern* 
perature.  The  only  HWHM  consistent  with  the  assumption 
of  LTE  is  the  HWHM  determined  by  the  intersection  of 
the  lines  for  different  wei|htinc  schemes. 

Table  1  shows  how  this  method  has  been  used  to  de> 
lermine  the  mean  temperature  in  the  bluff  body  flame,  as 
well  as  the  HWHM  which  establishes  LTE.  In  |eneral,  the 
mean  temperature  is  measured  for  two  different  weighting 


TABLE  I.  Radial  posiiion  (R),  man  icmperatum  (K).  and  slit  fiinc- 
iiont.  variaiioa  of  ‘‘bcU*'  sbi  fiinciian  adtb  posiiiM  (27  mm  doam- 
Mrcam). 


Wnglii 

K 

(mm) 

TcmperaiuR 
0  w  1.0 

TempcniuR 

o«2.0 

InierMctKM 

HWHM  Temperaiuit 

) 

0 

1611 

1761 

267 

1674 

10 

16)0 

1722 

1 

4S 

16}) 
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2  67 

169} 

10 

1672 

1742 

1 

19 

1649 

1777 

2  57 

1704 

to 

1674 

1744 

1 

111 

I6)t 

I7U 

266 

1702 

to 

t67t 

1741 

1 

116 

1636 

1764 

261 

1706 

10 

1679 

1741 

1 

|7I 

1666 

1793 

266 

1706 

10 

I6S4 

17)4 

1 

200 

1672 

1791 

266 

1712 

10 

1690 

17)9 

t 

22  2 

1676 

1602 

270 

1714 

to 

1693 

1762 

schemes  and  two  different  HWHMs  (four  measurements) 
The  actual  mean  temperature  and  HWHM  are  calculated 
by  finding  the  intersection  of  the  two  lines  vs 

HWHM  at  constant  weighting).  The  mean  temperature 
and  rms  temperature  can  be  determined  by  interpolation 
(extrapolation). 

The  measured  room-temperature  HWHM  for  this  par¬ 
ticular  optical  setup  was  determined  to  be  about  a  =  2.2 
cm  ~ The  error  in  using  this  function  versus  the  intersec¬ 
tion  position  would  have  been  as  large  as  30  K.  The  point- 
to-point  error  would  have  been  less,  but  still  could  have 
showed  artificial  temperature  gradients  caused  by  treating 
a  changing  slit  function  as  constant. 

The  slit  function  is  an  important  component  in  the 
CARS  system  analysis,  as  the  mean  temperature  is  directly 
proportional  to  the  sbt  width.  It  has  not  always  been  easy 
to  determine  the  appropriate  width  of  the  slit  function. 
This  problem  may  be  exacerbated  when  highly  turbulent 
fiames  arc  enclosed  in  chimneys,  as  it  may  be  necessary  to 
measure  the  slit  function  at  the  temperature  and  turbu¬ 
lence  intensity  of  the  flame.  This  HWHM  can  be  easily 
determined  by  calculating  the  mean  temperature  using  two 
HWHMs  and  two  weighting  schemes,  “nie  intersection  of 
the  two  lines  (7*,^  vs  HWHM  at  consunt  weighting) 
shows  the  only  HWHM  which  is  consistent  with  local  ther¬ 
modynamic  equilibrium. 

Assumptions  concerning  the  consuncy  of  the  slit  func¬ 
tion  with  temperature  and  turbulence  intensity  are  incon¬ 
sistent  with  the  assumption  of  LTE.  The  method  presented 
here  allows  the  experimenter  to  determine  the  HWHM  at 
every  location  and  thereby  guarantees  that  LTE  is  main¬ 
tained. 

This  work  was  supported  by  the  U.S.  Air  Force 
Wright  Research  and  Development  Centct,  Aero  Propul¬ 
sion  and  Power  Laboratory,  Wright  Patterson  Air  Force 
Base,  OH,  under  Contract  No.  F336I5-87-C-2767  with  W. 
M.  Roquemore  serving  as  Technical  Monitor  and  D.  R. 
Ballal  serving  as  Principal  Investigator. 
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ACOUSTIC  CHARACTERISTICS  OF  A  RESEARCH  STEP  COMBUCTOR 


S.  P.  Heneghan'.  M.  D.  Vangsness'.  D.  R.  Ballal'.  A.  L.  Lesmetises’.  and  G.  J.  Sturgess’ 
'Univenity  of  Dayton.  Dayton,  OH.;  *WRDC.  Wright-Panenon  Air  Face  Base.  OH.; 
’Pm  and  Wldmey.  East  Haitfocd,  CT. 


Abstract 

Fw  a  gu  turbine  combusia.  combustion  stability  and 
fieedom  fiom  acoustic  coupling  are  the  two  essential  design 
requiiements.  Here,  acoustic  characteristica  of  a  leseaich  step 
combusta  are  investigated  by  measuring  acoustic  fluctuations, 
lean  blowout,  and  visual  observations  of  flame  behavia.  This 
combusia  was  designed  to  serve  as  a  test  bed  for  evaluating 
lean  blowout  and  refining  cooibusta  design  modeling  codes. 

It  was  found  diat  inlet  conations,  confousta  geometry 
and  size,  and  outlet  blockage  affected  the  acoustic 
characteristics.  An  acoustic  isolata  in  the  fuel  tube  and  a  step 
design  that  eliminatrid  vortex  generation  at  the  inlet 
significantly  decreased  acoustic  coqiling.  Fa  a  long 
combusnr  (L/D  >  7.3),  loud  acoustic  resonances  resembling 
dassie  'ramble*  were  produced.  In  this  oombusia  dominant 
fiequencies  around  S3  Hz  and  170  Hz  were  observed 
coiresponding  to  eddy  shedding  from  the  step  and  the  quarter- 
wave  longitudinal  mode  respectively.  The  shon  coodtusta 
aUD  >3).  sinqily  did  wx  exert  enough  back  pressure  to 
confine  a  scady  burning  flame.  In  general  top-hat  outlet 
resiricton  produced  noisier  combustion  than  orifice  plates. 
Finally,  a  research  step  combusia  with  L/D  >  4.9  and  fitted 
with  an  orifice  plate  of  blockage  ratio  *  0.43  provided  the  best 
combination  of  LBO  and  freedom  from  acoustic  coupling. 
This  combusta  operued  satisfactorily  under  all  the  conditions 
of  interest  and  its  LBO  peifonnance  resembled  that  of  a  well- 
stirred  teacta. 
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cross  sectional  area  (o-outletj^c-combusmr) 
air  loading  parameter  (oWP  ) 
outlet  area  blockage  ratio 
equivalent  dianaeier,  obstacle  Amension 
frequency  (o-fiindamental  h-hatmonic) 
intensity,  amplitude 
combusmr  length 
lean  blowout 


litres  per  minuie 

mass  flow  through  the  combusta 
reaction  order,  number 
pressure 

Reynolds  number 

Sirouhal  number 

mean  velocity  (a-air.  f-fuel  j-jet) 

combusta  volume 

volume  flow  rate  (a-air,  f-fiiei) 

axial  distance 


equivalence  ratio 

Copyn^  O  IVW  Anwrkan  IraMaic  of  Acronauikt  and 
AMrantttiicf.  Inc.  AU  riflHi  rtacmd. 


'X  »  wavelength,  veloci^  ratio 

V  s  Idnrmatic  viscosity 

L  Introducliaa 

An  essential  requirement  in  the  design  of  new 
stoichiometric  combustors  and  high  thrust  output  afterburners 
is  that  steady  combustion  can  be  initiated  and  sustained  over  a 
wide  range  of  flight  conditions.  Cfombustion-induced 
oscillations  commonly  known  as  rumble  and  screech  severely 
limit  the  flame  stability  range  of  practical  combustors.  They 
can  also  compromise  ha-section  durability,  induce  mechanical 
vilsatioos  in  the  engine-airframe  conqxments,  and  couple  with 
the  aerodynamics  o(  other  engine  modules.  Therefore, 
knowledge  of  acoustic  characteristics  of  combustors  is 
inqiaitant  from  a  design  viewpoint 

The  provision  of  adequate  combustion  stability,  and 
freedom  from  acoustic  coiqtling  in  aircraft  gas  turbine 
combustors  b  a  long-term  problem  that  is  exacerbated  by 
several  current  design  trends.  Further,  the  solution  to  this 
problem  is  made  difficult  by  deficiencies  in  present  calculation 
methods  and  by  conflicting  design  criteria.  Therefore,  a  joint 
U.  S.  Air  Force,  Industry,  and  University  research  program  is 
being  carried  out  to  (i)  study  acoustic  coupling  and  its  effects 
upon  the  combustor  petfoimance,  (ii)  improve  understanding 
of  the  physical  processes  involved  in  lean  blowout  (LBO).  and 
(iii)  evaluate  and  refine  the  combusta  design  modeling  codes 
on  the  basis  of  experimental  measurements. 

In  a  modeni  annular  gas  turbine  combusta,  flame  is 
stabilized  by  producing  a  redrculation  zone  in  the  flowfield. 
As  shown  in  Fig.  1,  this  zone  is  formed  by  a  combination  of 
three  mechanisms,  namely  an  axial  swirling  air  jet  associated 
with  each  fuel  introduction,  sudden  expansion  of  the  axial 
swirling  jets  as  they  enter  the  primary  zone,  and  back-pressure 
provided  by  an  array  of  radial  air  jets  at  the  end  of  the  primary 
zone.  To  achieve  low  unburaed  hydrocarbon  emissions,  Pratt 
A.  Whitney  currently  tailors  these  combusta  flow  control 
mechanisms  to  produce  an  "inside-out”  recirculation  pattern, 
as  illustrated  in  Fig.  1.  Recently,  Sturgess  et  al.  [1]  designed 
and  developed  a  research  step  combusta  that  reproduces  the 
recnculation  partem  of  the  practical  combusta,  and  closely 
siiinrlates  thore  essential  features  of  its  flowfield  that  control 
flame  stability  and  lean  blowout  This  combusta  is 
geometrically  simple  fa  ease  of  experimentation  and 
coinputation.  and  provides  adequate  optical  access  fa 
nonintrasivc  measurements.  Its  configuration  and  dimensions 
represent  a  series  of  compromises  between  different  design 
criteria. 
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Fig.  1:  Flow  patterns  in  a  modem  annular  combmlor 
stowing  swirl  and  redrculatkio  dominating  tbe  "inside- 
out"  primary  sone. 

This  piqwr  describes  thru  design  stages  in  the 
development  of  the  leseatch  step  combustor.  Acoustic 
analyses  of  the  combustor  prior  to  its  manufacture  were  made 
using  the  lumped  impedance-admittance  techniques  of  Putnam 
[2]  and  also  by  tbe  MSC/NASTRAN  finite  element  code. 
These  analyses  suggested  potentially  strong  acoustic  coupling 
between  the  combustor,  fuel  tube,  and  the  step.  Acoustic 
characteristics  of  each  design  ctmfiguration  were  measured 
and  improved  upon  (decoupled)  in  the  subsequent  design  stage 
until  a  final  design  of  the  research  combustor  emerged  that 
was  relatively  free  of  acoustic  coupling  effects.  Experimental 
measurements  of  acoustic  pressure  fluctuations,  lean  blowout, 
and  visual  observations  of  the  flame  behavior  are  repotted. 

2.  Research  Step  Combustor 

Configurations:  Figures  2a-c  show  three  configurations  of 
the  research  combustor,  three  step  designs,  and  a  schematic 
diagram  of  the  vertical  wind  tunnel  which  supplies  reactants  to 
the  combustor.  Common  lo  all  the  combustor  configurations 
is  an  arrangement  of  coannular  air  (40  mm  O.  D.)  and  fuel  (27 
mm  1.  D.)  jets  that  feed  air  and  gaseous  propane  to  a  SS-ram- 
wide  sudden  expansion  step.  The  step  establishes  a 
recirculation  zone  which  increases  residence  titne,  recycles  hot 
combustion  products,  and  thus  provides  a  source  of  continuous 
ignition  for  the  incoming  cold  reactants.  In  this  manner,  a 
flame  is  stabilized  in  the  research  combustor.  The  combustor 
is  473  mm  long.  ISO  mm  square  cross  section  with  rounded 
corner  fillets  of  84  mm  radius,  and  has  glass  windows  on  aU 
four  sides  for  optical  access.  On  the  top  of  this  combustor  siu 
an  inconel  chimney  extension,  of  either  306  mm  or  260  mm 
length.  The  chimney  may  be  fitted,  at  itt  exit,  either  with  a  top 
hat  (Fig.  2a)  or  with  an  orifice  plate  (Fig.  2c)  of  different 
blockage  ratios.  This  outlet  restriction  exerts  a  specific 
amoum  of  back  |»essure  for  stabilizing  the  confined  flanx. 

As  illustrated  in  Fig.  2a.  the  research  combustor  is 
bolted  to  a  130  mm  1.  D.,  200  mm  long  mbe  with  a  bellmouth 
aimular  inlet  that  supports  the  step.  This  tube  is  mounted  on 
top  of  a  vertical  wind  tunnel  that  supplies  reactants  to  the 


CONFIGURATIONS 

(  I  )  (  M  )  (  III  ) 


Fig.  2:  Various  configuratioas  of  the  combustor,  step,  and 
vertical  wind  tuitncl:  (a)  combustor  configDration  I-hwg 
Gorabtiator,  (b)  combustor  coBfiguratimi  U-ahort 
combustor,  (c)  combustor  conflguratkm  ID-fiiial 
(optiniizcd)  combustor. 

research  combustor.  Ingure  2b  shows  the  research  combustor 
with  its  plan  view  and  a  short  inlet  step.  In  Fig.  2c,  the 
combustor  is  fitted  with  a  short  extension,  an  orifice  plate,  and 
a  step  having  a  smooth  convergent  inlet 

Figures  3a-b  illustrate  the  influence  of  outlet 
configuration  on  the  static  pressure  distribution  along  the 
combustor  wall.  Both  these  figures  show  plou  of  AP  » (P^^- 
P)  vs.  downstream  distance.  It  is  evidem  from  Fig.  3b^^ 
outlet  blockage  causes  atmospheric  pressure  to  be  attained 
well  inside  the  combustor  due  to  die  vena  contracta  formed  in 
the  outlet  restrictor.  This  terminates  the  combustion  process 
and  also  defines  the  exit  boundary  condition  for  CFD 
calculations. 

In  general,  combustion  in  any  of  the  above  combustor 
configurations  can  exhibit  sensitivity  to  various  physical 
processes  such  as: 

(1)  Transition  fiom  laminar  to  turbulent  flow  due  to  variation 
in  throughput  rate  of  reactanu; 

(2)  Flame  shifts  due  to  pressure  gradientt  created  by  stq>  sue, 
combustor  length,  outlet  configuration,  and  stoichiometry; 
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(3)  Accmudc  couplmg  that  depend!  upon  diiturbenoei  in  the 
inlet  sneami,  combunor  length,  inlet^tlet  configunuion, 
openting  conditions,  and  flame  type  and  locadon; 


(4)  Opposing  effects  of  combustor  bacfc-pressuie  and  acoustic 
resonance  in  the  combustor. 


(3)  Opposing  effects  of  chemical  leactkxi-rate  control  and 
fflixing*raie  limit  for  a  nott*premixed  flame. 

Past  Work:  A  good  deal  of  research  has  been  perfonned  on 
the  acoustic  waves  created  by  combustion  in  long  pipes, 
aailitple>pon  bunwn,  residential  heating  units,  and  ml  fired 
fimiaces.  This  work  is  summarized  by  Ritnam  [2]  and  othen 
[3^].  Some  of  these  inst^rilities  can  be  predicted  reasonably 
well  by  the  Raylngb  criteria  [2].  In  contrut,  practical 
combttston.  tome  reieaich  combuston  such  at  die  one  under 
investigatioa,  and  afterbumen  have  complex  flowfields  with 
lecacuiation  rones  and  swiil,  elaborate  fueling  arrangements, 
and  cross  sections  of  vaiying  shapes.  The  acoustics  of  these 
devices  it  niuque  and  depends  upon  flow  patiein.  equivalence 
ratio,  and  hardware  configuration.  Research  in  this  arre  is  of 
relatively  recent  origin  [7-10]  and  leads  to  a  conclusion  that 
significant  diflierencet  in  acoustic  characteristics  are  realized 
with  even  minor  changes  in  combustor  configuration. 
Therefixe,  a  combination  of  careful  experimentation  and 
phenomenological  analyses  wu  used  to  investigate  the 
acoustic  chatacteristics  and  then  eliminate  acoustic  coupling  in 
our  leaearch  swp  combusuir. 


3.  Acoustic  Characteristics 

Experimental  Setup:  Tests  were  made  of  the  various  research 
combustor  configurations  shown  in  Fig.  2.  Gaseous  propane 
and  methane  were  used  as  fuels.  Ignition  was  acconplished 
by  means  of  a  removable  propane  torch  which  protruded 
through  a  htrie  drilled  in  one  wall  of  the  combustor.  A  steady 
continuous  blue  flame  filling  the  combustor  indicated  good 
combustion  stability  and  relative  freedom  from  acoustic 
coupling.  The  fuel  burned  in  the  reacting  mixing  layer  (see 
Rg.  2c)  to  which  the  step  redrculaiion  zone  fed  hot  products 
of  combustion.  For  methane,  flame  could  not  be  stabilized, 
even  with  complete  tunnel  length  and  a  large  outlet  blockage. 
Acoustic  frequency  spectra  were  measured  using  a 
miciophone  and  Kistler  pressure  transducers  (Model  21 1  BS 
series).  These  pressure  signals  were  fed  into  a  dual-channel 
FFT  Spectrum  Analyzer  (Nicolet  Model  660)  the  output  of 
which  wu  connected  to  a  chan  recorder  (Hewlett-Packard 
Model  HP  7035B).  Acoustic  spectra  were  recorded  for  several 
combinations  of  combustor  inlet  conditions,  step  and  fuel  tube 
designs,  combustor  lengths  (473-983  mm),  outlet  restrictions 
(top-hats  or  orifice  plates  with  B  =  0-^2%),  and  fuel  and  air 
fkqv  rates  given  by  Re  >  2J-10.S  x  10  and  Re.x  0.37-1.46  x 
10  respectively.  ^ 

Vcrticnl  Wind  Tunnel 

Acoustic  Characteristics:  As  seen  in  Hg.  2,  the  research 
combustor-wind  tuiuiel  combination  hu  a  very  complex 
geonaetty.  Moreover,  at  an  early  stage,  it  wu  recognized  that 
any  air  and  fuel  flow  fluctuations  produced  within  the  wind 
tunnel  itself  would  be  anplified  by  the  combustion  process 
confined  by  the  combustor.  Initially,  the  wind  tunnel  shown  in 
Hg.  2a  wu  being  supplied  with  a  25-mm-dia.  line  dumping  air 
into  a  I(X)-mm-dia.  U-shaped  inlet  Two  pressure  nunsducers. 
one  mounted  in  the  wind  tunnel  air  inlet,  and  the  other  at  its 
exit,  revealed  the  acoustic  spectre  shown  in  Fig.  4.  The 
frequency  peaks  of  260, 390, 660,  and  837  Hz  were  present  in 
the  wind  tuimel  (Fig.  4a).  The  amplitude  of  these  peaks 
increased  with  an  increase  in  airflow  rate.  When  the  research 
combustor  configuration  I  wu  mounted  on  the  up  of  this 
wind  tunnel,  additional  frequency  peak  at  SS  Hz  appeared  in 
the  acoustic  spectra  (Hg.  4b).  As  will  be  explained  later,  this 
frequency  is  usociated  with  the  eddy-shedding  frequency 
inside  the  combustor. 

Acoustic  Sources  and  Modificanons:  The  acoustic  fluctuations 
in  the  wind  tunnel  were  traced  to  three  sources,  namely  (i) 
sudden  expansion  of  the  airflow  from  the  25-mm-dia.  flexible 
hose  to  the  100-mm-dia.  U-shaped  inlet  produced  extensive 
and  periodic  flow  vortices,  (ii)  vortex  shedding  at  the  bell¬ 
mouthed  entrance  of  the  step,  (iii)  a  shon  aggressive  diffuser 
(area  ratio  =  2.172,  included  angle  =  IS* )  which  is  not 
uniformly  filled  with  the  airflow  at  its  entrance. 

To  significantly  reduce,  if  not  to  totally  eliminate,  these 
acoustic  fluctuations,  the  following  design  modifications  to  the 
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Fif.  4:  Acoustic  characteristics  of  the  vertical  wind  tunnel: 
(a)  Wind  tunnel  only  (v  s  1100  LPM),  (b)  Wind  tunnel 
Combustor  configuration  I  +  Outlet  top-hat  (B  s  0A5)  at 
v^s  3200  LPM,  (c)  Modified  wind  tunnel  (v^=  3200  LPM) 

wind  tunnel  were  made.  First,  the  23-nim-dia.  flexible  air 
supply  hose  was  replaced  by  a  7-m-long,  100-mnKiia.  pipe. 
This  pipe  was  connected  to  a  newly  designed  90  *  air  inlet 
section  sketched  in  Fig.  2c.  This  modification  eliminated  any 
sudden  flow  expansion  and  periodic  vortex  shedding.  Second, 
the  step  intake  length  was  shortened  as  shown  in  Fig.  2b  to 
trap  the  toroidal  shed  vortex  into  a  dead  space  just  upstream  of 
the  combustor.  Hnally,  an  additional  set  of  honeycombs  and  a 
flow  straightening  screen  were  added,  just  at  the  entrance  to 
the  short  diffuser  to  improve  the  inlet  airflow  distribution. 
Hgure  4c  shows  the  acousdc  characteristics  of  this  modified 
wind  tunnel.  It  can  be  seen  that  all  frequencies,  except  the 
lowest  one  (260  Hz),  have  been  eliminated. 

As  for  the  acoustic  peak  at  260  Hz,  the  following 
explanation  is  offered:  vonex  shedding  off  an  obstacle  (of  the 
type  presented  by  the  bell-mouthed  step  entrance)  usually  has 
a  Strouhal  number,  St  =  f  dAJ  in  the  range  0.2  to  0.4.  For  an 
annulus  air  velocity  of  35  m/s  and  the  bell-mouth  step  width  of 
25.4  mm.  vortex  shedding  frequencies  fall  in  the  range  177- 
354  Hz.  or  a  mean  value  of  265  Hz  represenu  the  vortex 
shedding  frequency  of  eddies  shed  off  the  enotuice  obstacle.  It 
was  recognized  that  this  frequency  was  sufficiently  low  to 
interfere  with  the  acoustic  characeristics  of  our  combustor. 
Therefore,  and  as  shown  in  Fig.  2c,  a  new  step  was  designed 
to  eliminaie  the  trapped  vortex.  Acoustic  characteristics 
measured  with  the  new  step  in  place  are  plotted  in  Hg.  4c. 
These  show  an  absence  of  any  peak  at  260  Hz.  Fmally,  this 
new  and  modified  wind  tunnel  was  employed  in  the  acoustic 
characterization  of  the  following  three  combustor 
configtiratioas. 


Acoustic  Characteristics-Combustor  Coi^guration  1:  Tesu 
were  performed  on  the  research  step  combustor-configuration 
1  shown  in  Hg.  2a.  Acoustic  frequency  spectra  were  recorded 
for  many  combustor  design  and  operating  variables,  such  as 
different  fuel  and  air  velocities,  fuel  tube  diameters,  extension 
chimney  lengths,  and  outlet  blockage.  When  the  flame  was 
stabilized  in  the  shear  layer  close  to  the  fuel  tube  exit, 
combusdon-^nerated  noise  increased  dramatically.  An 
oscillatory  mode  of  burning  was  also  observed  in  the  vicinity 
of  lean  blowout  (LBO).  This  oscillatory  cycle  comprised 
flame  extinction  in  the  shear  layer,  downstream  re-ignition, 
flashback,  shear  layer  burning,  shear  layer  extinction,  and  so 
on.  In  the  results  plotted  in  Fig.  5,  dominant  frequencies 
around  55  Hz,  170  Hz,  390  Hz,  and  850  Hz  were  observed. 
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Fig.  5:  Acoustic  characteristics  of  the  research  step 
combustor  configuration  I  a!  v  a  1000  LPM:  (a)  Top-hat 
outlet  (B  s  0.45),  (b)  Orifice  plaft  outlet  (B  =  0.45). 

Acoustic  Sources  and  Mod^cations:  As  described  below,  the 
frequency  peaks  noted  in  Fig.  5  correspond  to  eddy-shedding 
off  the  step,  fundanoental  quarter-wave  longitudinal  acoustic 
mode  for  the  combustor,  and  the  two  frequencies  originating 
in  the  venical  wind  tunnel.  These  latter  frequencies  coincide 
with  the  calculated  organ-pipe  harmonics  of  the  55  Hz 
frequency.  Thus,  the  combustor-wind  tunnel  system  was 
closely  coupled  and  the  Rayleigh  criterion  was  being  satisfied 
so  that  the  oscillations  were  driven  [2].  This  meant  that  even 
the  frequencies  of  390  Hz  and  837  Hz,  well  suppressed  by  the 
wind  tunnel  design  modifications,  were  slightly  augmented  by 
the  combustion  process.  To  decrease  the  magnitude  of  all  the 
observed  acoustic  fluctuations,  various  alternatives  were 
coRsideied,  such  as  switching  air  and  fuel  flow  lines  and 
designing  a  tri-jet  system.  However,  it  was  concluded  that  the 
acoustic  isolation  of  the  fuel  tube  from  die  combustor  was  the 
single  best  modification  that  would  drastically  attenuate  noise 
and  decrease  acoustic  coupling.  Some  experimental  evidence 
that  such  a  modification  would  work  was  available  in  the  work 
of  Whitelaw  and  coworken  [7-9].  These  worken  found 
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that  by  locatiag  an  orifice  clofe  lo  the  pressure  node,  in  the 
upstream  duct,  about  one  quaner  of  the  wavelength  from  the 
dump  plane,  ladiated  sound  intensity  decreased  by  around  10 
dB.  Thus,  it  became  clear  that  our  modification  should  <i) 
eliminare  line-of-sigfat  access  between  fuel  tube  inlet  and 
combusior  inlet  to  prevent  propagation  of  acoustic  waves,  (ii) 
decrease  inlet  length  and  thereby  shift  acoustic  oscillations  to 
higher  fiequencks,  conespondiag  to  the  fiequency  of  the 
quaner-wave  mode  for  the  new  effective  inlet  length,  (tii)  add 
pressure  drop  to  the  fuel  system  to  damp  the  acoustic  over¬ 
pressure  propagating  foom  the  combustor. 

Various  acoustic  isolation  schemes  such  as  plugging  the 
fuel  tube  with  steel  wotd  and/or  ball  (BB)  shot  were  tried. 
Although  these  damped  the  acoustic  fluctuations  satisfactorily, 
they  would  not  pass  LOA  seed  panicles  through  the  tube. 
Hnally,  a  perforated  conical  cap  wu  designed  as  shown  in 
Fig.  6,  and  fitted  inside  the  fuel  tube  about  123  mm  upstream 
at  its  exit.  This  device  wu  very  succeuful  at  acoustically 
decoupling  the  fuel  tube  firom  the  vortex  shedding  fiequency 
of  33  Hz  in  the  main  combustor.  It  significantly  reduced  the 
combusior  nmse  and  vibration.  However,  there  wu  a  trade¬ 
off  in  that  the  123  mm  (12%  tube  length)  secdon  of  the  fuel 
tube  is  still  acoustically  coupled.  This  length  of  the  fuel  tube 
is  requned  for  die  fuel  flow  to  develop  a  uniform  velocity 
profile  prior  to  inuing  out  into  the  combustor. 


Fig.  6:  Sketch  of  a  perforated  oonkal  cap  used  for  the 
aomiatie  holatioa  of  the  fuel  tube  from  the  main 
combustor. 


Further  tests,  with  the  above  modifications  in  place,  still 
produced  disqipointingly  loud  acoustic  resonance  resembling 
the  classic  gu  turbine  combustor  rymble.  Also,  the  noise 
level  increased  with  an  incteass  in  the  reactant  nw*  flow 
through  the  combustor,  and  u  LBO  wu  approached. 
Moreover,  it  visibly  affected  the  flame  lift  and  stability. 
Cylindrical  combuston  with  long  aspect  ratios  (L/D  >  3)  are 
generally  known  to  be  strongly  susceptible  to  dusk  organ- 
pipt  resonances  [lOJ  and  lead  to  interesting  side  effects  such  a 
flame  flashback  [11]. 

In  their  work  on  axisymmenic  dump  combuston  and  gas 
turbine  augmenton,  Sivasegaram  and  Whiielaw  [7]  and 
Sl'^**®fsmm,  ei  aL  [8]  have  observed  rough  combustion  and 
low-ftequeocy  oscillations  around  33  Hz.  For  combuston 
with  L/D  >  6,  these  authon  have  sugguted  that  the  dominant 
fiequency  may  be  aasocUied  either  with  vonex  shedding  or 
with  acoustk  quarter-waves  in  their  cooibusiar. 


The  effects  of  large-scak  eddy  shedding  and  the 
acoustk-vortex  interactions  produced  in  Ramjet-type  dump 
combuston  are  funher  eluddaied  by  Kailasanath  ei  al.  [12, 13] 
and  Schadow  et  aL(14].  In  their  earlier  work,  Kailasanath  et 
aL(12]  find  a  strong  coupling  between  the  first  longitudinal 
acoustk  mode  fiequency  cS  446  Hz  and  the  unforced  natural 
vonex  shedding  at  403  Hz.  In  their  later  work  [13],  the 
acoustics  of  both  the  inlet  and  the  combustor  are  coupled.  A 
low-ficquency  oscillation  of  130  Hz,  cottesptmding  to  the 
quaner-wave  mode  in  the  inlet,  is  observed  and  changing  the 
inlet  length  changes  this  fiequency.  The  merging  patterns  of 
the  large-scale  shed  vortices  are  modified  significantly  [13, 
14]  when  either  the  combustor  acoustic  mode  or  the  inlet 
mode  is  changed. 

For  the  combustor  configuration  1  under  study  here, 
small  air  annulus  passage  and  acoustk  isolation  of  the  fuel 
tube  suggest  that  effectively  the  combustor  dome  region  is 
acoustically  closed.  Depending  upon  the  exit  blockage,  the 
combusior  exit  would  be  either  acoustically  open  or  closed. 
Assuming  a  uniform  tenqierature  in  the  combustor 
configuration  I,  a  quaner-wave  longitudinal  acoustic 
fiequency  of  170  Hz  was  calculated.  This  suggests  that  the 
lowest  fiequency  of  33  Hz  detected  by  the  pressure  transducer 
is  nor  the  quarter-wave  longitudinal  fiequency. 

There  is  an  additional  non-stadonary  process  present  in 
the  cmnbustor,  and  that  is  the  eddy-shedding  off  the  step.  For 
a  Stiouhal  number  in  the  range,  St  »  0.2-0.4,  and  «««»nning 
that  the  characteristic  velocity  is  equal  to  the  velocity  of  jet 
shear  layer  (or  annulus  air  velocity)  we  obtain  the  calculated 
range  of  eddy  shedding  fiequency  as  40-90  Hz.  In  general, 
and  as  shown  in  Fig.  3,  increasing  the  fuel  flow  (or  combustor 
beat  release)  pushed  the  shedding  fiequency  higher  (up  to  79 
Hz)  and  also  increased  its  amplitude.  At  high  airflow  rates 
(above  2000  LPM)  and  with  large  outlet  blockage  (>  43%) 
shedding  fiequency  was  as  high  as  90  Hz.  Without  or  with  top 
hats  (B  s  43%),  the  observed  shedding  fiequency  was  in  the 
range  43-63  Hz.  i.  e.,  the  mean  observed  value  was  close  to  33 
Hz.  In  contrast  to  the  observations  of  Kailasnatb  et  al.  [12], 
coupling  between  shedding  fiequency  and  the  quarter-wave 
frequency  did  not  occur  in  our  combustor. 

AcoHsric  Characteristics -Combustor  Configuration  II:  To 
eliminate  these  resonances,  we  performed  tests  with  a  short 
(L/D  <  3)  configuration  n  combustor  as  sketched  in  Figure  2b. 
These  lesu  were  with  4  >  0.76,  Re  «  24,827,  Re.  >  6,027  and 
U  /U.  *  26.2.  It  was  observed  t&t  peaks  in  ^  fiequency 
specif  for  both  combustor  configurations  I  and  fl  were  the 
same  despite  the  length  reduction  whkh  should  have  produced 
higher  frequencies.  Finally,  even  with  a  large  outlet  blockage 
of  0.62,  the  combustor  behaved  as  though  it  had  an 
acoustically  open  outlet. 

When  the  magnitude  of  the  acoustic  phenomena  is 
considered,  the  amplitude  of  lowest  frequency  of  33  Hz  was 
almost  3-10  times  lower  for  a  shon  combustm  than  for  a  long 
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conbusiar.  For  boch  the  combusion  I  and  n.  amplinide  of 
low  frequency  peaks  shaiply  at  the  45%  outlet  blockafe 
<**»««<«««««  Now,  sinoe  any  resonance  is  it  was 

expected  that  the  shoner  combusto'  (configuraiion  0)  would 
cxhtbtt  better  stability  than  the  longer  combustor 
(configuration  I)  and  Lao's  would  be  clear  and  consistenL  la 
practice,  while  the  latter  observation  is  found  to  be  valid,  the 
results  of  Fig.  7  show  stability  trends  opposite  to  what  was 
expected.  A  main  reason  is  that  the  configuiation  n 
combustor  was  too  short  to  contain  the  flame  for  equivalence 
ratios  greater  than  lean  blowout,  and  considerable  back 
l»e$sure  was  required  to  sustain  bunting  in  the  combustor. 
Both  Sivasegaram  and  Whitelaw  [7]  and  Sivasegaram  et  al.  (t] 
make  sunilar  observadons  with  regard  to  flame  hoUiag  in  a 
short  combustor  (UD  <  2).  For  this  reason,  combustor 
configuration  IH  ttf  Fig.  2c  was  finally  examined. 
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Fig.  7:  Combustion  stability  (as  measured  by  b.  nf^vs.  B)  of 
combustor  configurations  1  and  II  in  the  iin%rbulcnt 
flow  regime  (Re^<  23,000).  Note  that  in/VP’  (U  •U^sO.O 
oonfiguration  I  and  s  1.6  for  configuration  IL  * 

Acoustic  Characteristics-Combusur  Coi^guration  HI:  In  all 
the  tests,  we  observed  that  this  combustor  configuranoa 
operated  at  significantly  reduced  noise  levels  and  exhibited 
much  steadier  combustion.  As  seen  in  Fig.  8a,  acoustic 
qiectra  showed  that  the  quarter-wave  longitudinal  mode 
fitcquency  increases  from  190  Hz  to  222  Hz  as  the  fuel  flow  is 
increased  above  its  value  for  the  LBO.  These  observations 
essentially  remained  valid  even  when  the  airflow  wu 
increased  and  when  the  shorter  extension  chinuiey  was  fitted 
with  different  outlet  blockage  (see  Fig.  9).  Figure  8b  shows  a 
comparison  between  the  acoustic  characteristics  of  combustor 
configurations  I  and  ID.  It  is  observed  that  for  combustor 
configuraiion  QI,  peaks  in  the  acoustic  spectra  exist  at 
significantly  higher  frequencies,  well  above  the  eddy  shedding 
fiequency.  This  acoustic  decoupling  greatly  attenuates  the  low- 
fiequency  rumble  in  this  combustor  configuration  m. 


Moreover,  for  airflow  tales  aU  dw  way  up  to  7,000  LFM, 
combustor  configutaaon  m  laaintained  a  marked  reduction  in 
acoustic  ou^ut  at  the  step  shedding  fiequency.  Therefore,  this 
configuiation  was  adopted  for  further  studies  on  the  choice  of 
a  suitable  combusaor  outlet  configumiHi. 
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Fig.  t:  Acoufic  dianeteriatks  of  the  raecarch  step 
combustor  ewafiguration  ID  with  an  orifice  plate  outlet  (B 
s  M5):  (a)  Effect  of  increasing  the  fliel  flow  rate  at  v  a 
2100  LPM,  (b)  Campariaou  of  coarinistor  configurations  I 

andmatv  xlSWLPM. 
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Outlet  Coi^guration:  In  deciding  the  cqitimum  combustor 
outlet  configuration,  whether  fully  open,  orifice  plate,  or  short 
top-haL  the  following  four  positive  and  three  negative 
considerations  come  into  play: 

(1)  back  pressure  subilizing  the  flow  in  the  step  recirculation 
aone, 

(2)  outlet  restriction  accelerates  the  flow  and  terminates  the 
chemical  reacooas  for  fuel-lean  mixtures. 

(3)  top-hat  configuration  imposes  the  aro  saeamline  gradient 
exit  boundary  condition  for  CFD  calculation. 

(4)  the  top-hat  behaves  as  a  high  impedance  to  low-fiequency 
pressure  changes, 

(5)  outlet  restriction  necessitates  additional  combustor  length 
to  prevent  the  exit  streamline  curvature  from  iidluencing 
the  step  recirculation  aone, 

(6)  outlet  restriction  produces  acoustically  closed  exit 
boundary. 
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(7)oiitkt  reffiiciioo  provides  t  hot.  potential  source  of 
leigniiion  at  LBO. 

The  combustor  was  tun  with  three  outlet  coafigundoos: 
tee  (B  ■>  0),  orifice  jrfaies  (B  ■  0.4S.  0.62),  and  top  hats  (B  * 
0.45  with  L/D  «  1  and  2.1).  The  following  observatioos  were 
made. 


In  general,  the  top  hats  resnlied  in  noitkr  combustion 
than  did  the  orifice  plates.  In  Hg.  9.  it  is  seen  that  for  equal 
outlet  Mockage  (i)  orifice  plate  produced  a  broader  acoustic 
fiequency  spectrum  than  the  top-hat  outlet,  (ii)  for  an  orifice 
{date,  perics  in  the  acoustic  spectra  (203  Hz  and  600  Hz)  were 
found  at  a  higher  fiequency  than  for  a  top-hat  (140  Hz  and  SIS 
Hz).  For  an  outlet  blockage  of  62%.  both,  top-hat  and  orifice 
plate  were  so  loud  that  the  combustor  could  not  be  operated 
comfonably  over  a  long  period. 
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Fig.  9i  AcMHtic  chnnctcriatica  of  lop-hat  atid  orifice  plate 
oodct  remrictioni  of  same  btodtage  ratio  (B  a  <M5)  for 
combuBlor  copflguratioii  M  (v^a  1500  LPM,  36  LPM). 


Given  the  propensity  of  the  top-hat  testrkton  to  produce 
large  acoustic  fluctuations  with  strong  peaks,  and  the 
tequaemem  of  the  combustor  u  provide  flame  stability  over  a 
brood  range  of  air  and  fuel  flows,  a  choice  of  orifice  plate  with 
B  a  0.4S  was  made.  This  choice  was  dictated  by  the 
conflktiag  lequiieiiKnu  of  low  noise  (B  <  0.62),  good  flame 
stabilization  (B  >  0.21),  and  for  achieving  fully  turbulent 
burning  conditioos  without  producing  axial  insability  of  the 
flame  or  LBO.  In  this  way,  the  fiiwl  configuration  of  die 
combustor  for  stable  operation  and  relative  fieedom  fiom 
acoustic  coupling  wu  arrived  at. 

4.  Combmtor  Parfonnaiicc 

Laao  Blowoiit:  The  research  combustor  wu  designed  to  study 
LBO  and  other  combnstioo  processes  such  u  attached  flame, 
lifted  flame,  and  large-scale  axial  hwability  eventually  leading 
to  LBO.  Accordingly,  visual  observatioos  of  the  flanK,  and  a 
series  of  measurements  of  LBO,  wall  static  pressure 
disiribution,  and  wall  tenyerature  distribution  were  made.  A 
wide  range  of  fuel  and  air  flows  fio^  senu-laminar  to  fully 
mt^nleot  regime  (Re  •  2J-10J  x  10  ,  and  Re.>  0.37-1.46  x 
10  )  were  investigatt&.  ^ 


Hgure  10  illustrates  the  LBO  vs.  air  loading  parameter 
(AU*)  characteristics  of  this  combustor.  These  values  of  LBO 
are  in  general  agreement  with  experimental  fiom  other 
well-stirred  reactors  [1],  Also,  they  are  lower  than  the  LBO 
values  for  combustor  configurations  1  and  E  This  is  because 
the  acoustic  fluctuations  present  in  combustor  configurations  1 
and  n  augment  flame  instabilities  in  the  combustor  and  cause 
premature  LBO. 


Air  loading  parameter  (Ib„/s-ft*-atm2) 

Fig.  10:  Lean  Blowout  pcrformaiice  of  the  research  step 
combustor  as  compared  with  the  wdl-stiiTcd  reactor  and 
practkal  gas  turbine  Gosubostora. 
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Fig.  11:  Research  step  combustor  perfomiance  iOustrating 
the  dilTercnt  flanw  regimes  that  eventually  lead  to  LBO. 


Flame  Rcgiincs:  The  flame  features  that  appear  in  the 
combustor  prior  to  LBO  are  sketched  in  Hg.  1 1.  At  a  given 
airflow  or  ALP,  a  corresponding  fuel  flow  can  be  found  at 
which  a  distinct  flanK  attaches  itself  around  the  inner  edge  of 
the  step.  This  so  called  "attached  flame”  region  is  realized  in 
our  combustor  for  or  above  sttnchionKtric  overall  equivalence 
ratios.  Also,  the  flame  attachment  is  found  to  be  very  sensitive 
to  acoustic  fluctuations.  An  intense  blue  annular  flaoK,  in 
contact  with  the  attached  flame  and  atKhoied  by  it.  appears  in 
the  jet  shear  layer  region.  The  resultant  flanae  structure  has  the 
appearance  of  an  inverted  "classic  coke  bottle"  shape  and  is 
remarkably  stable  a  little  downstream  of  the  cofluence  of  the 
firel  and  air  jets.  As  the  overall  equivalence  ratio  falls  below 
0.9.  the  lifted  shear  flanae  develops  severe  intermiaency, 
becomes  tagged  in  appearance,  and  resembles  a  typical 
"turbulent  flame  brush."  Below  9  >  0.6S,  large-scale, 
oacillasory  axial  movement  of  the  flame  begins  and  this 
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evcaOMlIy  leadi  10  LBO.  Finally,  u  die  ALP  is  iacreaMd,  it  i* 
seen  dnt  die  iinais  of  each  Rjpon  are  nanowed.  each  regioa 
imnides  shvply  into  the  adjacent  legun.  and  eventually  LBO 
occnn  almoa  instantaneously. 


1.1, 


It*  '  ‘  ' 

0  OJ  0.*  0.* 

aiocKACLs 


OJ 


Fl(.  U:  Effect  of  ovtict  btoefcage,  B  on  cqidvakncc  ratio 
for  fla*iia  lift*  (a)  Orifkc  plate  Mockatr,  (b)  fnAueiicc  of 
top-hat  aspect  ratio. 


The  name  chaiacienstics  shown  in  Fig.  11  are 
influenced  by  die  outlet  blockage  and  the  type  of  this 
blockage.  For  example.  Fig.  12  compares  equivalence  ranos 
at  flame  lift  for  orifice  blockage  and  for  top-hat  L/D  at  fixed 
blockage.  Hiese  results  show  that  the  45%  blockage  top-hat 
with  a  UD  ■  2.1 1  and  a  60%  blockage  orifice  plate  have  the 
aaine  Figure  13  shows  the  efSsa  of  orifice  blockage  on 
the  equivalence  ratio  for  the  onset  of  large-scale  axial 
movements  of  the  flame  that  are  an  immediate  precursor  to 
blowout.  A  comparison  between  the  dau  plotted  in  Fip.  12 
and  13  shows  the  stabilizing  effect  of  back  pressure  on 
combustKMi  (low  4  )  and  the  destabilizing  effect  of  increased 

atxMstk  activity  (hum  *  .). 

axial 

5.  Cdndiidiag  Remarks 


In  dds  paper,  we  explored  three  oombustar 
^  oonfigucatians  and  found  influences  of  combustor  iip«n>««n 
cpoditions,  combustor  geotneny,  coodiustor  outlet  hingfage 
and,  to  a  minor  extent,  fuel^  flow  conditions,  on  the  acoustic 
characteristics  of  a  research  combustor.  Broad  similarities  to 
the  obsCTVttions  of  other  teseaichen  (7,  10.  13.  14]  were 
noted,  and  at  the  same  tiroe  acoustic  characteristics  unique  to 
our  research  step  combustor  were  highlighted.  Since  this 


Fig.  13;lnilutiireofarilleeplnteeiitictblorkagf,Btmtbe 
eqiihralatMe  ratio  far  the  etmat  of  axial  inatability  in  the 
Hfted  flame. 


research  coaBbusiar  simulaiet  certain  feanxes  of  a  practical 
gas  turbine  combustor,  similar  effects  are  likely  to  be  present 
in  practical  coiribustan  to  a  varying  degree.  This  is  especially 
tfisconcaning  because  the  provisioo  of  steady  coehbustion  and 
fieedom  from  acoustic  coupling  are  the  two  main  requiieraenis 
of  a  good  combustor  design,  be  it  a  swiri  combustor  [7].  a 
bluff  body  conahusur  [I],  or  a  ramjet  combustor  [10]. 

We  noted  that  both  the  fuel  siqiply  and  the  air  lupply 
had  to  be  acnustically  isolated  from  tbe  main  cooabustion 
process  to  significantly  decrease  acoustic  coupling.  In  a 
tuodaro  annular  gu  turbine  combustor,  air  swirl  vanes  and 
fuel  metering  inside  the  fuel  injector  provide  the  necessary 
acoustic  istdatioii.  However,  and  unless  die  air  siqiply  is 
sonically  isolaied  from  the  combustion  zone,  conhbusior 
rumble  or  screech  may  be  produced.  Generally,  the  preuure 
drop  across  the  combustor  liner  is  low  enough  that  the  air 
boundaries  for  inflow  are  acoustically  soft  so  that  resonances 
can  occur.  Next,  the  aspect  ratio  (L/D)  of  the  practical 
combustor  should  be  well  below  5  to  prevent  the  geneiation  of 
acoustic  standing  waves  and  quarter-wave  longitudinal  type 
resonaacea.  While,  the  modem  annular  gas  tutbine  cwobustor 
falls  well  within  a  safe  range  of  aspect  ratio,  tome  types  of  the 
newer  duai-iiage  combustors  for  low  exhaust  emissioas  may 
be  ai^roecbing  the  upper  limit  of  the  safety  criieria.  Finally, 
most  practical  combusion  provide  sufficient  back  pressure  to 
main  a  stable  flame  in  the  combustor.  This  is  achieved  by 
blocking  the  outlet  via  a  smooth  exit  coniractioa  or  a  tutbine 
nozzle  stator  guide  vane.  All  these  design  features  comribuie 
to  producing  favorable  acoustic  chaiacteristics  for  the  practical 
combusiOTs. 
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The  undemanding  of  the  acoustic  chBacerisiics  of  the 
leaeaich  coobusiar  and  the  subsequent  development  to 
riiminw  spuiious  tnteiaciioos  have  resulted  in  a  vehicle  diat 
is  wdl  suited  for  iu  iniended  purpose  of  investigating  flame 
stability  with  lefeience  to  aiioaft  gas  nnbine  engines. 
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ABSTRACT 

A  propuie-fueied  research  combusurr  has  been  designed 
to  represent  the  essential  features  of  primary  zones  of 
combustors  for  aircraft  gas  turbine  engines  in  an  investigation 
of  lean  blowouts.  The  atmospheric  pressure  test  facility  being 
used  for  the  investiption  m^  it  difficult  to  directly  approach 
the  manmum  heat  release  condition  of  the  research 
combustor.  High  combustor  loadinp  were  achieved  through 
simulating  the  effects  on  chemical  reaction  rates  of 
sub-atmospheric  pressures  by  means  of  a  nitrogen  diluent 
technique.  A  calibration  procedure  is  described,  and  correlated 
espcrimenal  lean  blowout  results  are  compared  with 
well-stirred  reactor  calculations  for  the  research  combustor  to 
confirm  the  efficacy  of  the  calibration. 

NOMENCLATURE 

A  Pre-esponential  rate  consunt  (may  also  include 
convenient  unit  conversion  factors) 

B  Combustion  efficiency 

C  E/% 

E  Activation  energy 

F  Tbmperature  correction  factor 

K  Mass  ratio  of  excess  nitrogen  to  fuel 
m  Vblumetric  fractional  concentration 
m  Mass  flow  rate 

m  '  Vblumetric  rate  of  oxidant  mass  consumption 
n  Effective  order  of  global  chemical  reaction 
P  Pressure 

R  Global  reaction  rate  expression 

%  Universal  gas  constant 

T  Reaction  temperature 

V  Vblume  associated  with  combustion 
a  Molar  fraction  of  CO  in  products  of  reaction 
B  Molar  fraction  of  CO2  in  products  of  reaction 


y  Defined  by  Eq.  (4) 

4  Fuel/air  equivalence  ratio 

Subscripts 

air  Air 

f  Carbon  monoxide  in  products  of  reaction,  fuel 

LBO  Lean  blowout 

N2  Excess  nitrogen  as  diluent 

o  Oitygen  in  products  of  reaction 

Tot  Inlet  sum  of  air,  propane  and  excess  nitrogen 

INTRODUCTION 

A  propane-fueled  research  combustor.  Fig.  1.  has  been 
designed  (Sturgess  et  al.,  1990)  and  developed  (Heneghan  et 
al.,  1990)  to  investigate  lean  blowouts  in  simulated  primary 
zones  of  the  combustors  for  aircraft  gas  turbine  engines.  The 
fundamental  flow  features  of  a  gas  turbine  combustor  primary 
zone,  within  which  the  flame  is  held,  are  generated  by  the 
geometrically-simple  desip  of  the  research  combustor. 

The  research  combustor  consists  of  co-axial  jets  with  a 
29.7  mm  inside  diameter  central  fuel  jet  surround^  by  a  40 
mm  diameter  annular  air  jet.  The  fuel  is  gaseous  propane.  The 
jets  are  located  centrally  in  a  150  mm  nominal  diameter  duct. 

A  backward- facing  step  at  the  jet  discharge  plane  completes 
the  sudden  expansion,  giving  a  step  height  of  55  mm.  The  step 
provides  a  recirculation  region  that  can  subilize  the  flame.  The 
combustor  test  section  incorporates  flat  quara  windows  to 
provide  optical  access.  Curved  metal  fillets,  located  in  the 
comers  of  the  test  section,  reduce  and  distribute  the  vorticity 
generation  due  to  wall  secondaiy  flows,  and  so  eliminate  their 
impact  on  the  bulk  flowfield  in  the  combustor.  An  orifice  plate 
with  a  45  percent  blockage  ratio  forms  the  exit  from  the 
combustor. 

When  operated  in  a  fuel-rich  mode,  the  flame  in  the 
combustor  is  very  stable  and  is  anchored  in  the  jet  shear  layers 
by  a  pilot  flame  attached  to  the  step  near  the  outer  edge  of  the 
air  supply  tube.  Fuel  for  this  flame  is  recirculated  from 
downstream  by  the  step  recirculation  zone;  ignition  is  by  hot 
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gases  also  recirculated.  As  the  bulk  equivalence  ratio  is 
reduced  the  flame  becomes  less  suble.  and  eventually  reaches 
a  point  where  the  pilot  flame  becomes  deuchcd  from  the  base 
region  (lifts),  and  the  entire  flame  structure  becomes  stabilized 
downstream.  Fig.  2.  Thus,  there  are  two  distinct  operating 
modes  for  the  combustor  a  fully  anchored  flame,  and  a  lifted 
flame. 

I  AU  DIMENSIONS  ARE  IN  MM  | 


Fig.  1  Cross-Seaion  of  Research  Combustor 

As  a  consequence  of  the  flame-lift,  a  significant  degree  of 
partial  premixing  of  the  reactants  takes  place  upstream  of  the 
lifted  flame  position.  When  the  equivalence  ratio  is  further 
reduced,  the  flame  becomes  progressively  less  stable 
(Heneghan  et  al..  1990)  in  its  lifted  condition,  and  eventually 
flows  out.  This  lean  blowout  limit  at  atmospheric  pressure  has 
been  found  to  correspond  to  a  fuel  equivalence  ratio  (around 
O.S)  that  is  very  close  to  the  lean  flammability  limit  of  propane 
in  air  (Lewis  and  von  Elbe,  1987).  Due  to  the  partial 
premixing,  the  combustor  lean  blowout  performance 
characteristic  has  been  observed  to  be  consistent  with  that  of 
well-stirred  reactor  data  (Sturgess  et  al..  1990). 

Lean  blowout  is  strongly  affected  by  chemical  reaaion 
rates.  Application  of  chemical  reaction  rate  theory  to 
well-stirred  reactors  has  resulted  in  the  formulation  of  the  gas 
loading  parameter  m/(VP"F).  where  n  is  the  effective  order  of 
the  reaction,  F  is  a  temperature  correction  factor.  V  is  the 
reaaor  volume,  in  is  the  oxidant  mass  flow  rate,  and  P  the 
operating  pressure,  against  which  the  equivalence  ratio  at 


blowout  is  frequently  plotted.  The  concept  of  the  well-stirred 
reactor  can  provide  a  simplified  description  of  praaical 
combustors.  Bragg  (1953)  originated  the  view  that  any 
reasonably  efficient  practical  combustor  should  consist  of  an 
initially  well-stirred  reactor  section  for  ignition  and  flame 
holding,  followed  by  a  plug-flow  reactor  section  for  burnout. 
Since  the  research  combustor  was  designed  specifically  to 
reproduce  the  major  features  of  an  aircraft  gas  turbine 
combustor  primaiy  zone  (Sturgess.et  al..  1990),  it  might  be 
expected  to  conform  to  well-stirred  reaaor  behavior.  The  lean 
blowout  behavior  supports  this  expeaation.  Therefore,  the 
loading  parameter  can  be  used  to  define  lean  blowout 
performance. 

The  research  combustor  is  being  tested  in  a  facility  that 
operates  at  atmospheric  pressure  and  which  was  limited  to 
maximum  propane  flow  rates  of  about  20  kg/hr.  Under  these 
drcumsttnces,  sufficient  loading  to  approach  the  maximum 
heat  release  condition  of  the  research  combustor  cannot  be 
achieved.  However,  to  investigate  the  lean  blowout 
phenomenon  thoroughly,  it  is  desirable  to  probe  the  flowfields 
for  flames  that  are  anchored  and  lifted  at  iMth  lightly-strained 
and  heavily-strained  flame  conditions.  Heavily-strained  flames 
occur  at  high  loadings,  and  in  practice,  result  from  combustor 
operation  at  a  given  airflow  with  low  air  inlet  temperatures  and 
low  (sub-atmospheric)  pressures.  Reducing  air  inlet 
temperatures  alone  to  achieve  high  loadings  without  choking 
the  combustor  requires  veiy  low  temperatures,  and  this 
demands  drying  of  the  air  to  avoid  severe  icing  problems. 

Given  these  difficulties,  alternative  methods  of  achieving 
heavily-strained  flames  were  needed. 

The  quantities  involved  in  the  loading  parameter  are  those 
which  influence  the  speed  at  which  chemical  aaivity  converts 
reactants  to  products.  When  the  combustor  inlet  conditions 
cannot  be  manipulated  to  achieve  a  desired  loading,  the 
chemical  reaction  can  be  influenced  by  some  other  means  to 
yield  a  similar  rate  of  reactants  conversion.  If  pressure  is  made 
the  variable  of  influence,  then  a  suitably  altered  chemical 
reaaion  would  reflea  the  “simulated  pressure”. 

Low  pressures  can  be  simulated  by  the  introduction  of  an 
inert  diluent  that  slows  down  the  chemical  reaction  in 
approximately  the  same  way  that  low  pressures  do.  The 
addition  of  the  diluent  has  two  effects  -  first,  it  lowers  the 
concentration  of  reaoants.  and  second,  it  lowers  the  reaaion 
temperature  by  virtue  of  its  heat  capacity.  Thus,  tests  may  be 
made  at  atmospheric  pressure  and  high  loading  still  achieved. 

Such  a  simulation  technique  for  achieving  high  loadings 
while  operating  at  room  temperature  and  atmospheric  pres.sure 
was  developed  for  the  research  combustor. 

SIMULATION  TECHNIQUE 

A  number  of  techniques  for  simulating  low  combustion 
pressures  are  available,  e.g.  Lefebvre  and  Halls  (1959), 

Lefebvre  (1%1)  and  Greenhough  and  Lefebvre  (1956),  using 
water  as  the  diluent.  However,  water  is  inconvenient  for  the 
present  purposes.  It  requires  pre-heating  of  the  inlet  air  to 
ensure  complete  vaporization  of  the  droplets.  Gaseous  nitrogen 
has  also  been  used  with  success  (Norster,  1968),  and  does  not 
require  pre-heating.  Although  a  direct  calibration  for  nitrogen 
was  not  available,  nitrogen  as  a  diluent  is  extremely  convenient 
for  the  present  purposes,  and  was  therefore  seleaed. 


Fig.  2  Photograph-s  of  Anchored  and  Lifted  Rame  Operation 


THEORETICAL  BACKGROUND 

Consider  the  combustion  of  the  general  hydrocarbon  C,Hy 
in  air,  and  let  the  equhralence  ratio  ^  be  such  that  there  is  an 
excess  of  air,  i.e.,  ^  <  1.0.  Also,  let  the  combustion  efficiency 
be  such  that  B  is  the  fraction  of  fuel  that  is  actually  burned. 

The  unbumed  fuel  will  not  pass  through  the  combustor 
undtanged.  but  will,  in  general,  appear  in  the  exhaust  as  carbon 
monoxide,  hydrogen  and  lower  h^ocarbons.  In  modem 
combustors  the  lower  hydrocarbons  are  always  small  in 
quantity  under  normal  drcumsunces;  further,  the  fast  reaction 
rate  of  hydrogen  suggests  that  it  too,  will  not  be  a  sir  ificant 
prochict.  Therefore,  a  simple  bimolecular  global  reat.im  can 
be  proposed, 

♦QH,  +  (X  +  y/4)C>7  +  79/21(x  +  y/4)Nj  = 
aCO  +  pCOj  +  y/2^H20  +  79/2l(x  +  y/4)N2  (1) 

+  (1  -4.B)(x  +  y/4)02 

where  all  of  the  hydrogen  in  the  fuel  is  burned  to  water  vapor, 
and  the  inefficiency  is  reflected  solely  in  the  COlCOj  balance. 
This  is  reasonable  because  of  the  relatively  slow  conversion  of 
CO  to  CO}.  Nitrogen  is  assumed  inert.  The  molar  fractions  a 
and  fl  are  found  from  C/O  balances. 


For  propane  this  reaction  becomes. 

<)>C3Hg  +  50}  +  I8.8095N2  =  10«W1-B)CO  +  (2) 

(jKlOB  -  7)00}  +  4<1>H20  +  18.8095N2  +  5(1  -  4)B)02 

Note  that  with  this  simple  reanion  mechanism  CO}  disappears 
from  the  products  for  a  fraaional  conversion  less  than  or  equal 
to  0.7. 

Let  K  be  the  mass  ratio  of  diluent  nitrogen  to  fuel.  The 
reaction  expression  becomes, 

(JCsHg  +  50}  +  18.8095yN}  =  10<))(1  -  B^O 
+  >i>(WB  -  7)C02  +  44>H}0  +  I8.8O957N}  (3) 

+  5(1  -4)8)0} 

so  that  the  additional  mass  of  N}  is  18.8095  x  28  (y  -  1). 

Hence. 

7  =  (<t)K/ll.%97  +  I)  f4) 

Eqs.  f3)  and  (4)  together  provide  the  volumetric  fractional 
concentrations  of  oxidant  and  fuel  present  in  the  exhaust,  i.e.. 
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where. 


G  =  10<K1  -  B)  +  «K10B  -  7 )  +  4<j>  +  18.80957 
+  5(1  -  «|>B) 


and. 


_  .  5(1H>B) 
m„ - — 


(6) 


From  the  kinetic  theory  of  gases  a  reaction  rate  expression 
in  Arrhenius  form  can  be  derived  for  bimolecular,  single-step 
reactions.  Longwell  et  al.  (1953)  have  proposed  that  for  lean 
mixtures  this  takes  the  form, 

^Bm  ”  =  AniomfP^^  exp  (-E/»T)  (7) 

where  m  "  is  the  volumetric  rate  of  oxidant  mass  consumption. 

Although  Longwell  and  others  have  proposed  fractional 
indices  in  Eq.  (7)  to  accord  with  the  results  of  various 
experiments,  for  the  present  purposes  a  pure  second  order 
reaction  in  pressure  and  first  order  in  concentrations  is  taken. 

In  Eq.  (7),  E  is  a  reaction  rate  constant  (activation  energy),  and 
A  can  incorporate  a  pre-exponential  rate  constant  as  well  as 
various  unit  conversion  factors  and  other  constant  terms  as  may 
be  convenient.  T  is  the  reaction  temperature,  and  %  the 
universal  gas  constant. 

Rearranging  Eq.  (7)  into  a  form  incorporating  the  loading 
parameter  yields, 

tttair  ^  ^tttptttf  _ 1 _ 

vp2  e)q)(E/»T)  W 

Combining  Eqs.  (5),  (6)  and  (8)  gives, 

m.ir  _  A(1-B)  2(1-<|)B) _ 1 

VP2  B  (4K1.4-B)  +  79/2l7+l)*T“exp(E/»T) 

Eq.  (9)  represents  the  appropriate  global  kinetic 
expression  for  the  reaction  rate  of  propane  in  air  with 
additional  nitrogen.  With  K  equal  to  zero,  it  also  represents  a 
similar  expression  for  propane  in  pure  air. 

A  reaction  rate  simulation  can  be  obtained  if. 


where  R  is  the  appropriate  reaction  rate  expression  from  the 
right-hand  side  of  Eq.  (9),  i.e..  with  K  >  0  and  P  =  1  atmos.  for 
simulation  and  K  0  and  P  <  1.0  atmos.  for  desired  reaaion 
rate.  If  it  is  taken  that  the  presence  of  the  diluent  has  no  effea 
on  the  rate  constants,  the  identity  represented  by  Eq.  (10)  can 
be  written. 


Thus,  A  does  not  have  to  be  described  explicitly.  A  typical 
value  for  E  is  26,613  gm.cal./gm.mole,  for  near-stoichiometric 
mixtures  (Garke  et  al.,  1960). 

Figs.  3  and  4  may  be  used  to  compare  the  left-  and 
right-hand  sides  of  the  identity  for  an  equivalence  ratio  of  0.9 


and  inlet  temperature  of  300K.  Fig.  3  shows  the  efrea  of 
pressure  on  propane/air  combustion,  while  Fig.  4  shows  the 
effect  of  nitrogen  addition  on  the  combustion  at  one 
atmosphere  pressure.  The  similarities  of  the  two  curves  are 
obvious. 


Fraction  Fuel  Burned,  B 


Fig,  3  Variation  of  Reaction  Rate  Expression  (Eq.  11)  with 
Pressure 


Fraction  Fuel  Burned.  B 


Fig.  4  Variation  of  Reaction  Rate  Expression  (Eq.  11)  with 
Diluent  Addition 
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NEED  FOR  CAUBRAJION 

The  siiiipiified  reaction  mechanism  and  rate  eripression 
used  to  derive  the  simulation  are  only  a  convenient 
representation  of  rcaliqr.  A  given  rate  expression  cannot  be 
expected  to  adequately  represent  all  the  actual  reactions  taking 
place  so  that  the  expression  is  appropriate  over  wide  ranges  of 
operating  ctmditions.  Therefore,  if  tte  simulation  technique  is 
to  be  used  ftu  other  than  merely  comparative  purposes,  some 
form  of  calibration  is  required. 

\Mous  global  Arrhenius  rate  expressions  have  been 
published  in  the  literanire  to  represent  propane/air  combustion 
at  different  conditions,  e.g.,  Greenhough  and  Lcfebvre  (1956), 
Clarke  et  al.  (1960)  and  Herbert  (1960).  One  that  is  more 
appropriate  for  low  equivalence  ratios  (around  0.S)  is  given 


m'"  -  Am»*m“Fr**exp(-56,600/*T)  (12) 

o  r 


This  has  the  form  of  Eq.  (7),  but  different  fractional  indices 
and  rate  constants.  When  the  simulation  is  based  on  Eq.  (12) 
rather  than  Eq.  (7),  considerable  differences  result 

As  is  to  be  described,  comparison  of  curves  like  Fi^  3 
and  4  can  be  used  to  obtain  the  relationships  between  nitrogen 
to  fuel  mass  ratio  and  the  equivalent  reaction  pressure.  This 
has  been  done  in  Figs.  S  and  6  for  an  equivalence  ratio  of  0.9 
and  a  mixture  initial  temperature  of  300K,  using  simulations 
based  on  Eqs.  (7)  and  (12)  respectively.  For  given  combustion 
efficient  and  nitrogen/fuel  mass  ratio,  the  differences  in 
equivalent  pressure  from  the  two  curves  are  marked.  This 
illustrates  vividly  the  need  for  calibration  of  the  technique. 


Fig  S  Dependency  of  Simulated  Pressure  on  Diluent 
Addition  for  a  Global  Reaction  Rate  Based  on 
Indices  for  ^  «  1.0  (Eq.  7) 


Fig.  6  Dependency  of  Simulated  Pressure  on  Diluent 
Addition  for  a  Global  Reaction  Rate  Based  on 
Indices  for  <|>  =  0.5  (Eq.  12) 


CAUBRAnON 

An  ideal  calibration  would  be  based  on  a  comparison  of 
the  simulated  pressure  technique  against  true  low  pressure  tests 
in  the  same  reactor.  Unfortunately,  such  a  direct  approach  was 
not  immediately  available  for  the  research  combustor. 
Therefore,  an  indirect  approach  is  used.  This  maintains  the 
bimolecular  reaction  mechanism  Eq.  (3),  unchanged,  but 
calibrates  the  Arrhenius  reaction  rate  expression  that  goes  with 
it. 

Fortunately,  a  calibration  of  the  Arrhem'us  rate  expression 
for  propane/air/excess  nitrogen  ^tems  has  already  been 
carried  out  by  Kretschmer  and  oidgers  (1972),  and  their  work 
has  been  utilized  here. 

Kretschmer  and  Odgers  used  for  their  calibration 
experimental  results  from  spherical  stirred  reactors  and  gas 
turbine  combustors,  burning  fuels  from  prop^irc  to  aviation 
kerosene  over  a  wide  range  of  operating  conuuons  induding 
pressures  from  0.1  to  S.4  atmospheres  and  inlet  temperatures 
from  200K  to  900K;  equivalence  ratios  equal  to  and  less  than 
unity  were  induded.  Analysis  of  these  data  resulted  in  a  rate 
expression  giving  the  calibrated  form  for  Eq.  (8)  as. 

=  Mmomd*  1 

vp2<j>  4>B  T^4-ttJ  txp(C/T)  '  ^ 


where  C  is  E/ss.  For  an  equivalence  ratio  of  unity,  Eq.  (13)  is 
identical  to  Eq.  (8);  while  for  an  equivalence  ratio  of  one-half, 
it  is  identical  with  the  form  of  Eq.  (12).  Now.  however,  the 
exponential  rate  constant  contained  in  C  is  a  complex  function 
of  equivalence  ratio  and  reacunt  inlet  temperature.  This 
variation  arises  because  of  the  empirical  character  given  to  the 
rate  equation. 
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Fig.  7  gives  the  dependency  on  <h  of  B  at  blowout  for 
300K  inlet  temperature  as  produced  by  Kretschmer  and 
Odgers.  This  dependency  is  compared  with  earlier 
recommendations  also  given  in  Kretschmer  and  Odgers  (1972). 


Combustion  Efficiency.  B 


Fig.  7  Variation  of  Combustion  Efficiency  at  Blowout  with 
Equivalence  Ratio,  from  Several  Sources 

Unfortunately,  Kretschmer  and  Odgers  assumed  a  reaction 
mechanism  that  was  different  from  that  given  in  Eq.  (2). 

Hence,  their  expression  for  mr  was  different  from  that  given  in 
Eq.  (5).  Therefore,  it  was  necessary  to  derive  a  variation  of  C, 
containing  the  exponential  rate  consunt.  with  4>  that  was 
appropriate  to  the  present  reaction  mechanism. 

The  derivation  of  an  appropriate  C  was  done  through  Eq. 
(13)  so  that, 

C  =  T  (In  (mf_i,ew^m(,Kfet»chmcr)  CXp(C/T)Ki«Khinerl  (W) 

A  comparison  between  the  variations  of  two  C's  with 
equivalence  ratio  for  an  inlet  temperature  of  300K  is  shown  in 
Fig.  8.  Although  the  differences  are  small,  it  should  be 
remembered  that  C  is  eventually  to  be  used  in  an  exponential 
relationship.  The  variation  of  C  for  the  present  reaction 
mechanism  is  conveniently  represented  by  the  polynomial. 

C  -  14.926.5  +  73.774.7«)»  -  109.8264>^  +  35.933J<|»^  (15) 

which  has  a  correlation  coefficient  of  0.99998  and  a  maximum 
error  of  -54 .3K  in  the  range  0.4  <  ^  <  »  1.0. 

Eqs.  (13)  and  (15)  establish  the  form  of  the  global 
reaction  rate,  and  relate  it  to  the  selected  reaction  mechanism. 

The  calibration  of  simulated  pressure  may  now  be 
constructed  for  a  range  of  equivalence  ratios.  The  appropriate 
reaction  rate  expressions,  one  with  variation  in  pressure  and 
the  other  with  variation  in  diluent  mass  flow  rate,  can  be 
compared  as  functions  of  pressure  and  nitrogen/fuel  mass  ratio 
respMively.  The  intersection  of  these  expressions  represents  a 
common  value  of  reaction  rate  expression  indicating 


equivalency  of  pressure  and  nitrogen/fuel  mass  ratio.  This 
enables  the  relationship  between  (filuent  mass  flow  rate  and 
simulated  pressure  to  esublished.  Fig.  9  gives  an  example  of 
this  technique  for  a  ^  of  0.8;  Fig,  10  shows  the  resulting 
calibration  curves  for  an  inlet  temperature  of  300K. 


Fig.  8  Comparison  of  Dependencies  of  Activation  Energy  on 
Equivalence  Ratio  for  Kretschmer  and  Odgers 
Reaction  Mechanism  and  Present  Reaction 
Mechanism 


Fig.  9  Relationship  Between  Low  Pressure  and  Simulated 
Reation  Rates  for  4>  =  0.8 
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Nitrogon/Fuel  Mass  Ratio 

Fig.  10  Nitrogeit-Siftiulation  Calibration  Curve  at  300K 


Fig.  10  can  be  considered  valid  for  well-stirred  aiid 
partially-stirred  feactors.  Altliough  the  empirical  adjustment  of 
the  global  Arrhenius  reaction  rate  expression  may  be 
considered  as  being  valid  for  a  wide  variety  of  hydrocarbons 
burning  in  air,  the  simulation  calibration  is  for  propane  only. 
Funher,  it  is  limited  td  fiiel-leah  mixtures,  sd  the  figure 
indicates.  The  calibration  shown  is  for  300K  inlet  temperatures; 
Swithenbank  (1974)  contains  sufficient  information  to  construct 
curves  for  inlet  temperatures  from  200K  to  900K. 

EXPERIMENTAL  l^VlUS 

After  the  ignition  sequence  was  completed  and  the  desired 
airflow  established  with  the  anchored  flame  condition  (Sturgess 
et  al.,  1990),  gaseous  nitrogen  was  introduced  into  the  air 
supply  line  to  the  research  combustor.  This  was  done  far 
upstream  so  that  the  excess  nitrogen  was  uniformly  mixed  with 
the  air  entering  via  the  annular  air  jet  surrounding  the  fuel  jet. 
The  nitrogen  flow  rate  was  set  at  a  desired  level,  and  a  blowout 
sequence  obtained  by  reducing  the  fuel  flow  rate  until  the 
flame  was  extinguished.  Ignition  was  reestablished,  the  airflow 
reset  at  the  previous  value  in  conjunction  with  the  fiiel  flow,  a 
new  nitrogen  flow  rate  was  selected,  and  blowout  was  again 
obtained. 

This  procedure  was  repeated  until  a  maximum  nitrogen 
flow  condition  was  reached.  The  cotnbustor  has  been  qjerated 
with  nitrogen  mass  flow  rates  up  to  SS  percent  of  the  air  mass 
flow  rate.  No  difficulties  were  enoouniered  at  this  exneme 
condition.  Repeatability  and  hysieresis  were  checked  through 
obtaining  blowouts  by  turning  down  the  nitrogen  flow  rate 
range,  add  also  by  holding  nitrogen  and  fuel  flow  rates  constant 
while  the  airflow  rate  Was  increued.  In  addition,  test  points 
were  repeated  on  difforent  days  with  a  difierent  observer. 

Exan^es  of  the  basic  results  are  displayed  in  Fig.  II,  and 
show  at  a  given  airflow  that  increasing  the  nitrogen  flow  rate 
linearly  increases  the  fuel  flow  rate  at  which  a  blowout  takes 
place.  In  the  figure,  the  multiple  tests  points  shown  at  a  given 
nitrogen  flow  rate  for  the  0.653  Ibm/sec  (0.075  kg/sec)  airflow 
represent  the  day-to-day  repeatability  of  the  blowout. 


Increasing  the  combustor  airflow  increases  the  fuel  flow  at 
which  blowout  occurs,  but  does  not  change  its  dependency  on 
the  nitrogen  flow  rate. 


o 

Kt 

M 

1 

A 

S 


■'  ■  - - 1 - 

- - 

- - 

—  1  ■■ 

— - 

- - -  ■ 

_..i . 

• 

■m 

Airflow 

•  0.10S3 
*0.1140 
■  016$3 

WO  ISOO 

Kq/»9e. 

00489 

00571 

0.0750 

0  0844 

1 

30  I - 1 - - - J - 1 - ' 

0  SO  100  150  200 


Nitrogen  Moss  Flowrate  Ibm/sec.  x  E-Oe 

Fig.  11  Relationship  Between  Fuel  Flow  at  Blowout  and 
Nitrogen  Flow  at  Several  Airflows  in  the  Research 
Combustor 


Fig.  12  gives  an  indication  of  the  range  of  equivalent 
pressures  represemed  by  the  nitrogen  simulation,  for  various 
airflovs.  It  ranges  from  just  less  than  one  atmosphere  down  to 
one-tetith  of  an  atmosphere  for  these  tests.  The  equivalent 
pressures  were  obtained  from  Fig.  10  for  the  blowout 
conditions  given  in  Fig.  II.  When  the  equivalent  pressures  are 
displayed  against  the  mass  ratio  of  nitrogen  to  fuel  at  blowout 
in  this  form,  the  data  for  the  different  airflows  collapse  onto  a 
single  curve  representing  the  blowout  characteristic  for  the 
rhsearcfa  combustor.  Note  that  for  nitrogen  to  fuel  mass  ratios 
greater  than  about  5,  there  is  a  loss  of  effectiveness  of  the 
technique. 
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When  excess  nitrogen  is  introduced  into  the  air  supply,  the 
visual  appearance  of  the  flame  and  its  behavior  does  not 
change  from  that  observed  for  zero  excess  nitrogen,  (Sturgess 
et  al.,  1990),  (Heneghan  et  al.,  1990).  Fig.  13  gives  a 
description  of  the  flame  behavior  at  constant  airflow  as  the 
nitrogen  flow  rate  is  inaeased.  Visually,  there  is  no  change  in 
the  equivalence  ratio  at  which  flame  lift  ukes  place.  The 
equivalence  ratio  for  lean  blowout  does  increase,  in  accord 
with  the  behavior  of  Fig.  11.  Blowout  with  excess  nitrogen 
follows  the  same  sequence  of  events  as  was  observed  for  zero 
excess  nitrogen  (Sturgess  et  al.,  1990),  (Heneghan  et  al..  1990). 

Airflow  fixed  at  1300  Ipm 


1.4 


1.2 


o 

I  10 

» 

u 

c 

« 

5 

I  0.8 

O’ 

u 


0.6 


0.4 

0  12  3  4  5 

Nitroqen/Fuel  Moss  Rotio 

Fig.  13  Flame  Behavior  in  the  Research  Combustor  at  Fixed 
Airflow  as  Nitrogen  to  Fuel  Mass  Ratio  Is  Vuied 

CORRELAnON  OF  EXPERIMENTAL  DATA 

As  described  above,  the  equivalence  ratio  at  blowout, 
oi  a  well-stirred  reactor  can  be  related  to  the  gas 
loading  parameter.  mA/P''F,  for  the  combustor.  Here,  the  mass 
flow  rate  is  interpreted  as  m-ibi,  which  is  the  sum  of  the  air, 
excess  nitrogen  and  fuel  mass  flow  rates.  The  fuel  is  included  in 
this  sum  since  its  volume  is  not  insignificant;  the  nitrogen  flow 
rate  is  generally  several  limes  that  of  the  fuel.  Thus,  the 
residence  time  in  the  reactor  is  materially  affected  by  these 
flows. 

For  the  present  experiments  the  temperatures  of  the 
reactants  were  not  varied,  and  the  values  for  air.  excess 
nivogen  and  propane  were  sensibly  equal.  Therefore,  the 
temperature  correction  frctor  F,  is  taken  as  unity  as  a  matter  of 
convenience. 

The  pressure  is  interpreted  as  the  effective  pressure,  and 
dhpends  on  the  quantity  of  excess  nitrogen  flowing,  as  given  by 
Fig.  12. 

The  (constant)  volume  is  taken  as  the  total  combustor 
voiume  minus  the  volume  of  the  combustor  associated  with 
flame  lift. 

The  apparent  order  of  the  reaction,  n,  is  uken  as  equal  to 
2  ^  for  lean  mixtures.  However,  this  is  for  propane/air  ^steins. 
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When  a  diluent  is  present,  the  order  is  reduced.  The 
expression. 

2+lbo 
n  * 

(l  +  niNz/niiir) 


(16) 


is  used  to  account  for  this.  When  no  excess  nitrogen  is  present. 
Eq.  (16)  reverts  to  the  pure  air  form. 

In  Fig.  14  the  data  in  terms  of  ^l30  and  mToi/VP"  are 
plotted  in  logarithmic  form.  The  measured  data  define  most  of 
the  lean  portion  of  the  stability  loop  for  the  research 
combustor.  The  data  cover  points  at  atmospheric  pressure  with 
zero  excess  nitrogen,  as  well  as  those  at  atmospheric  pressure 
with  excess  nitrogen:  a  variety  of  airflows  were  used. 
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Fig.  14  Correlated  Blowout  Data  for  the  Research 

Combustor,  and  Comparison  with  the  Calculated 
Well-Stirred  Reactor  Blowout  Characteristic  for  the 
Researdi  Combustor 


The  figure  shows  that  the  loading  parameter  correlates  the 
blowout  equivalence  ratios  very  well,  lliis  can  be  appreciated 
when  considering  the  repeaubility  shown  in  Fig.  II.  The 
blowout  data  extend  over  three  orders  of  magnitude  of  loading 
parameter,  and  range  from  a  blowout  equivalence  ratio  of 
around  0.5  to  around  0.8. 

VERIFICATION  OF  CALIBRATION 

Use  of  the  simulation  calibration  curves  for  effective 
pressure  (Fig.  12),  resulted  in  a  very  satisfsaoiy  correlation  of 
experimental  lean  blowout  dau  obtained  at  constant  true 
pressure  for  wide  ranges  of  air  and  excess  nitrogen  flows. 
Fortunately,  since  the  research  combustor  with  zero  excess 
nitrogen  appeared  to  behave  like  a  well-stirred  reactor 
(Sturgess  et  al..  1990),  (Heneghan  et  al.,  1990),  an  independent 
check  of  the  calibration  can  be  nude  through  the  use  of 
well-stirred  reactor  theory. 

Swithenbank  (1974)  presented  a  dissipation  gradient 
approach  for  defining  perfectly-stirred  regions  of  combustors, 
lliis  approach  was  applied  to  the  research  combustor,  using  a 
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computational  fluid  dynamics  (CFD)  calculation  to  provide  the 
turbulence  characteristics. 

Based  on  the  dissipation  gradient  analysis,  the 
rapid-sdrring  region  of  the  research  combustor  was  identified 
as  the  volume  enclosing  the  highly  turbulent  portion  of  the 
flow.  It  was  found  that  the  surface  contour  enclosing  96  percent 
of  the  turbulence  kinetic  energy  and  99  percent  of  its  rate  of 
dissipation  corresponded  to  a  surfiice  over  which  the  total 
dissipation  gratUent  had  a  value  of  10.0.  which  is  100  times  the 
value  recommended  by  Swithenbaidt.  This  well-stirred  region 
extended  over  most  of  the  length  of  the  combustor,  with 
exceptions  of  portions  of  the  step  recirculation  zone  and  the 
stagnation  region  on  the  upstream  face  of  the  orifice  plate 
placed  at  the  combustor  exit. 

While  the  turbulence  characteristics  of  a  flow  can  be  used 
to  define  a  region  of  rapid  mixing,  this  alone  is  not  a  sufficient 
condition  for  a  well-stirred  reactor.  For  stable  reaction  to  take 
place  within  the  rapid  mixing  region,  the  fuel  and  air  mixture 
must  locally  fall  inside  the  flammability  limits,  a  source  of 
continuous  ignition  (mixture  at  exit  temperature)  must  be 
present,  and  local  flow  velocities  must  not  exceed  the  local 
turbulent  burning  velocity. 

CFD  analysis  was  again  used  to  provide  necessary 
information  to  determine  places  within  the  defined  rapid 
mixing  region  where  stable  combustion  could  take  place  for 
conditions  close  to  blowout.  On  the  basis  of  these  ^culations 
and  the  observations  of  the  lifted  flame  position,  which  was 
found  to  remain  roughly  constant  as  equivalence  ratio  was 
reduced,  a  suitable  well-stirred  reactor  volume  was  defined. 
This  was  44  percent  of  the  total  combustor  volume,  and 
corresponded  to  a  lifted  flame  mean  position  of  about  40  cm 
(16  inches)  from  the  central  portion  of  the  step,  assuming  that 
the  flame  completely  filled  the  cross-section.  Visual 
observations  of  the  flame  indicated  that  on  the  centerline  of 
the  combustor  the  dosest  position  to  the  step-plane  of  the 
lifted  flame  was  about  16  cm  (6  inches)  dow^eam.  Of  course, 
the  real  flame  never  completely  filled  the  cross-section. 

IVith  a  well-stirred  reactor  defined,  the  stirred  reaaor 
network  code  MARK2I  by  David  Pratt  and  Brian  Pratt  was 
used  to  make  calculations  for  the  research  combustor.  The 
MARK21  code  uses  the  CREK  chemical  kinetics  code  (Pran 
and  Wotmeck.  1976)  and  a  hydrocarbon  reaction  medunism 
by  Roberts  et  al.  (1972).  The  research  combustor  near  blowout 
was  modeled  in  MARK2I  as  a  single,  perfectly-stirred  reaaor 
with  separate  air  and  fuel  inlets,  and  a  single  discharge  of 
produos;  there  was  no  redrculation  of  products.  It  was 
operated  with  gaseous  propane  as  fuel  and  air  as  oxidant,  with 
equal  inlet  temperatures  of  293K.  The  volume  was  that  defined 
above,  aldmu^  two  other  volumes  were  used  for  spot-checks 
to  see  the  sensitivity  to  volume.  This  wes  done  because  of  the 
uncertainty  associated  with  the  flame  positkm.  (The  results  for 
the  range  at  volumes  wete  subsequently  ootreiated  successfully 
by  the  loading  parameter,  via  the  volume  term  incorporated  in 
it.)  The  model  ams  operated  at  a  number  of  air  mass  flow  rates, 
with  several  pressure  leveb  of  atmospheric  and  less,  for  each 
airflow.  No  cases  with  excess  nitrogen  were  run. 

Shown  on  the  aubility  plot  Fig.  14  is  a  line  representing 
the  blowout  characmristic  calculated  by  the  wsll-stirr^  reaaor 
cods.  The  liiM  runs  through  the  correlated  eqserimcnial 
blowout  data  very  nicely,  thereby  confirming  that  the  research 
combustor  is  behaving  as  a  well-stirred  reactor,  fxirtbermore. 


since  the  loading  variation  in  the  well-stirred  reaaor 
calculations  was  achieved  through  variations  in  mass  flow  rate 
and  true  operating  pressure  while  the  experimental  data  were 
correlated  on  the  basis  of  mass  flow  rate  and  equivalent 
pressure,  the  agreement  verifies  the  calibration  (Fig.  12)  of  the 
nitrogen  dilution  technique. 

DISCUSSION 

A  technique  has  been  presented  whereby  the  lean  reaction 
of  gaseous  propane  in  air  at  sub-atmospheric  pressures  can  be 
simulated  1^  approximating  the  sub-atmospheric  pressure 
reaction  rate  with  a  reaction  rate  at  atmospheric  pressure  in 
the  presence  of  excess  gaseous  nitrogen  as  a  diluent. 

The  technique  has  been  calibrated  through  the  assumption 
of  a  one-step  global  reaction  mechanism  for 
propane/air/excess  nitrogen  ^ems  in  which  nitrogen  remains 
inert,  and  where  combustion  ineffidency  is  accounted  for  solely 
through  the  CO/COj  balance  in  the  prt^ucts.  A  global 
reaction  rate  expression  in  Arrhenius  form  for  a  bimolecular, 
single-step  reaction  was  calibrated  using  experimental  data 
from  the  literature.  Finally,  the  relationship  between  excess 
nitrogen  and  the  equivalent  pressure  was  established  by 
comparing  appropriate  reaction  rate  expressions  with  separate 
variation  in  pressure  and  diluent  mass  flow  rate.  This 
relationship  forms  a  calibration  for  the  simulation  technique  at 
blowout  conditions.  The  calibration  is  valid  for  well-stirred  and 
partially-stirred  reaaors  using  propane  as  a  fuel  in  a  lean 
mixture  with  air.  The  spedfic  c^ibration  curve  presented  is  for 
3(X)K  inlet  temperature  of  reactants,  although  similar  curves  for 
other  temperatures  are  readily  construaed. 

Lean  blowout  data  in  a  research  combustor,  obtained 
using  the  simulation  technique,  were  successfully  correlated 
using  the  conventional  loading  parameter  in  which  the  pressure 
term  was  taken  as  the  equivalent  pressure  obuined  from  the 
calibration.  The  range  of  equivalence  ratios  covered  by  the 
variation  in  loading  parameter  was  from  near  the  flammability 
limit  to  near  the  maximum  heat  release  rate:  the  range  of 
loading  parameter  obuined  extended  over  three  orders  of 
magnitude.  These  were  achieved  at  atmospheric  pressure  and 
with  a  limited  range  of  mass  flow  rates.  The  lean  subiliiy  of  the 
research  combustor  was  completely  defined  by  these  dau. 

The  combustor  was  operated  without  difficulty  with  an 
excess  nitrogen  mass  flow  rate  up  to  60  percent  of  the  air  mass 
flow  rate.  At  this  condition  the  equivalent  pressure 
corresponded  to  0.1  atmosphere.  However,  it  is  not 
recommended  that  the  maximum  excess  nitrogen  flow  rate  be 
greater  than  about  45  percent  of  the  air  mass  flow  rate.  This  is 
because  of  inaccuracies  in  the  calibration  curve  (lower 
right-hand  corner  of  Fig.  10),  at  operating  conditions  with  very 
high  levels  of  excess  nitrogen. 

The  effective  order  of  the  reaction  when  excess  nitrogen  is 
used  becomes  a  function  of  the  mass  ratio  of  excess  nitrogen  to 
air,  as  well  as  equivalence  ratio  at  blowout.  There  was  no  visual 
evidence  that  the  excess  nitrogen  changed  the  flame 
characteristics  in  any  way  from  that  observed  without  excess 
nitrogen. 

A  final  check  on  the  accuracy  of  the  calibration  was  made 
by  comparing  the  correlated  experimental  results  using  the 
simulation  against  well-stirred  reaaor  calculations  based  on 
propane/air  systems  for  true  sub-atmospheric  pressures.  This 
comparison  was  justified  since  it  was  known  from  the  initial  test 
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results  (Sturgess  et  al..  1990).  (Heneghan  et  al..  1990)  that  the 
research  combustor  had  well-stirred  reactor  lean  blowout 
performance  when  operated  at  atmospheric  pressure  without 
any  excess  nitrogen.  The  subsequent  agreement  in  the  stirred 
reactor  calculation  comparison  confirmed  the  accuracy  of  the 
calibration. 

The  demonstration  of  the  successful  calibration  for  the 
nitrogen  diluuon  simulation  of  low  operating  pressures  opens 
an  important  possibility  for  small-scale  facility  combustion 
experiments.  Their  operating  range  may  be  extended  for 
certain  low  pressure  effects  in  an  ea^.  inexpensive  and  safe 
foshion  while  the  convenience  of  operating  at  atmospheric 
pressure  is  maintained. 

Experimental  lean  blowout  data  have  been  obtained  in  the 
research  combustor  over  a  wide  range  of  equivalence  ratios. 
These  data  will  provide  a  good  data  base  for  lean  blowout 
modeling.  The  hex  that  the  research  combustor  has  been 
definitively  shown  to  behave  as  a  well-stirred  reactor  when 
operated  in  the  lifted  flame  condition  is  an  important  help  in 
understanding,  and  hence  modeling,  the  lean  blowout  process. 


CONCLUSIONS 

1.  The  nitrogen  dilution  technique  for  simulating  the  effects 
on  chemical  reaction  rates  of  low  pressures  has  been 
successfully  calibrated.  The  calibration  removes  the 
simulation  from  being  a  qualitative  technique,  to  being  a 
quantiutive  one.  It  permits  certain  low  pressure  combustion 
effects  to  be  examined  while  maintaining  the  convenience 
of  operating  at  atmospheric  pressure. 

2.  The  lean  blowout  dau  obtained  in  a  research  combustor  via 
the  low  pressure  simulation  technique  were  correlated  by 
the  frmiliar  loading  parameter  when  the  effective  pressure 
was  used  for  actual  pressure  and  the  reaction  order  was 
made  a  function  of  the  excess  nitrogen. 

3.  Nitrogen  dilution  enables  the  loading  parameter  for  the 
research  combustor  to  be  extended  over  three  orders  of 
magnitude,  and  the  blowout  equivalence  ratio  to  be 
increased  from  near  the  flammability  limit  to  close  to  the 
maximum  heat  release  condition.  This  enables  the  lean 
sability  of  the  combustor  to  be  adequately  defined. 

4.  The  research  combustor  at  blowout  conditions  behaves  like 
a  classical  well-stirred  reactor. 
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ABSTRACT 

Experimenul  information  is  presented  on  the  effects  of 
back-pressure  on  flame-holding  in  a  gaseous  fuel  researdi 
combustor.  Dam  for  wall  temperatures  and  static  pressures  are 
used  to  infer  behavior  of  the  major  recirculation  zones,  as  a 
supplement  to  some  velocity  and  temperature  profile 
measurements  using  LDV  and  CARS  systems.  Observations  of 
flame  behavior  are  also  induded.  Lean  blowout  is  improved  by 
exit  blockage,  with  strongest  sensitivity  at  high  combustor 
loadings.  It  is  concluded  that  exit  blot^ge  exerts  its  influence 
through  effects  on  the  jet  and  recirculation  zone  shear  layers. 

INTRODUCTION 

Combustion  stability  is  extremely  important  in  gas  turbine 
engines  for  aircraft  use.  It  is  becoming  more  difficult  to  ensure 
that  adequate  subility  margins  can  be  maintained  because  of 
current  design  trends  toward  airblast  atomization  of  liquid  fuel, 
high  temperature  rise,  and  low  emissions  combustors. 

As  part  of  a  comprehensive  research  program  to 
investigate,  understand  and  model  lean  blowouts  in  the 
combustors  of  aircraft  gas  turbiiK  engines  (Sturgess  et  al., 
1991a),  three  combustors  are  utilized.  These  vehicles  consist  of 
a  research  combustor,  a  technology  combustor,  and  a  generic 
gas  turbine  combustor,  that  reflect  the  three-phase  approach  to 
the  problem.  The  purpose  of  the  research  combustor  is  to  yield 
fundamental  information  on  the  lean  blowout  process  to  agag 
in  understanding  the  events  taking  place  in  blowout,  and  so 
guide  in  modeling  them. 

in  gas  turbine  combustor  design,  it  is  generally  recognized 
that  the  end  of  the  flame-holding  primary  zone  is  determined 
by  the  transverse  combustion  air  jets  entering  through  the 
combustor  liners  (Lefebvre,  1983).  For  combustors  using  either 
pure  airblast,  or  hybrid  pressure-atomizing  primaiy/airblast 
secondary  fuel  injectors,  it  has  been  observ^  that  dynamic 


interactions  can  occur  between  the  axially-direaed  jets  of 
atomized  fuel/air  mixture  from  the  injectors,  and  these 
transverse  combustion  air  jets.  Recirculation  zones  of  the 
“exiemar  (Gtqna  et  al..  1984)  or  “inside-out"  type  (Sturgess 
et  al.,  1990)  seem  to  be  especially  prone  to  this  behavior.  The 
interaction  can  be  exacerbated  if  tte  airflow  through  the 
combustor  dome  (including  the  injectors)  is  a  significant 
proportion  of  the  combustor  total  flow,  and  if  the  transverse  air 
jets  are  close  to  the  dome. 

It  was  therefore  felt  that  the  important  back-pressure 
effect  exerted  on  the  flame  through  the  presence  of  the 
combustion  air  jets  should  be  included  in  any  simulation  of  a 
gas  turbine  combustor  primaiy  zone. 

In  the  research  combustor,  which  was  intended  for  the 
study  of  the  breakdown  of  flame  subilization  in  the  primaiy 
zone,  the  essential  features  of  a  typical  primary  zone  of  modem 
combustors  were  reproduced  in  simplified  form  (Sturgess  et  al.. 
1990).  Combustion  air  jets  were  not  included  directly  due  to 
the  complication  involved;  however,  the  back-pressure  of  these 
jets  was  represented  by  means  of  exit  blockage  from  the 
combustor. 


RESEARCH  COMBUSTOR 

The  research  combustor  consists  of  a  central  fuel  jet  of 
gaseous  propane  surrounded  by  an  unheated  co-axial  air  jet, 
with  the  confluence  of  the  jets  centrally  located  in  a  nominally 
circular  cross-section  duct  (Sturgess  et  al..  1991b).  The  duct  is 
closed  at  its  forward  end  to  give  a  backward-facing  step.  The 
combustor  exit  is  open  to  the  atmosphere;  low  pressure  effects 
on  lean  blowout  are  simulated  by  means  of  dilution  through 
injection  of  excess  nitrogen  into  the  air  supply  (Sturgess  et  al., 
IWlc).  The  combustor  is  mounted  verticalty  on  an 
airflow-conditioning  unit,  that  traverses  through  a  cut-out  in  a 
fixed  optical  bench.  Figure  1. 


Pumniia  m  nw  twwwiuinu  Ow  TwWna  anS  mwiinlm  Cenfim*  and  ExaoaHlon 
Colaswa.  Qaniiany  Jwia  ia.  ISSS 

Hitt  pasac  haa  baan  aecapMS  let  niWr  aiioti  M  ma  Tianaactiotia  ol  ma  ASME 
Oiacuiaion  el  N  arts  ba  acciplaB  m  ASME  Haadwanaii  ania  Saplaaibar  30. 1902 


8.1 


RESEARCH  COMBUSTOR 
AND  AXES  CONVENTION 


The  Gombuation  nuinel  «u  deiigiied  and  constructed  in 
(wo  Mcdom  -  a  fined  upatrcam  window  section  providing 
optical  access  as  needed,  and  a  replaceable  downstream 
chimney.  The  chimney  is  available  in  two  lengths,  and  the 
combustor  can  be  run  with  cither  of  these,  or  with  no  chimney 
at  all.  The  combustor  has  a  hydraulic  diameter  of  150  mm. 
giving  length  to  diameter  (L/D)  ratios  of  3.167, 4.9  and  6.513 
respectively,  depcmfing  on  the  chimney  arrangement.  The  inner 
diameter  of  the  fuel  tube  is  29.97  mm  with  a  2-de|pee 
half-angle  taper  over  120mm  of  its  length,  and  the  outer 
(fiamctcr  of  the  air  paatage  at  dudiargs  is  40  mm. 

Provisioa  is  mads  for  errit  blockage.  The  geometric  values 
of  tail  Mockagc  are  21.0, 45.1  and  62,0  percent  of  the 
combustioa  croes-section.  These  blockages  are  achieved  by 
means  of  thin  orifioe  plates.  For  the  45.1  percent  geometric 
Mockaga.  ‘iop-hat"  mate  with  tailpipe  length  to  diameter  (L/D) 
values  of  1.0  and  2.1  respectively,  ale  also  available. 

The  optical  windows  can  be  reptaced  by  metal  plates 
containing  arrays  of  thermocouples  for  wall  temperature 
•tteasuremw^  and  tappings  for  static  pressure  measurements. 
The  combustor  may  be  run  with  any  combination  of  wiixlows 
and  plates. 

LOA  ARRANGEMENT 

Mean  and  fluctuating  vetocity  component  measurements 
are  obisined  by  means  of  a  laaer-D6ppicr  anemometer  (LDA) 
(Sturgeas  ct  al.,  1991b),  using  ]0-dcgr««s  off-axis 
forward  scattering.  The  effective  pr^  volume  is  50  x  300  x 
7S0|im. 

The  combustor  is  mounted  vertically  in  the  fodlity 
(fiturgats  et  al..  1990),  and  its  ocnterliiw  constitutes  the  x-axis. 


with  zero  taken  as  the  plane  of  the  step.  The  x-  and  y-axes  are 
diametral  to  the  combustor  cross-section,  with  the  x-axis 
aligned  with  the  LDA  axis.  Velocities  parallel  to  and  increasing 
in  the  direaion  of  the  z-axis.  and  velocities  normal  to  and 
directed  away  from  this  axis,  are  also  considered  positive. 

The  effective  optical  window  within  which  data  may  be 
taken  is  defined  by.  -68.7 <x<  +68.7  mm.  and  -22  <y  <33 
mm:  in  the  downstream  direaion  it  is  +2<z<358  mm.  This 
window  permits  reasonable  access  to  the  major  flow  field 
features  (Sturgess  et  al.,  1991b) 

For  error  assessments,  see  Sturgess  et  al.  (1991b), 

CARS  ARRANGEMENT 

The  laser  source  for  the  coherent  anti-Stokes  Raman 
Spectroscopy  (CARS)  optics  is  a  Nd:YAG  pulse  laser  with  10  ns 
time  resolution.  The  frequency-doubled  source  green  beam 
(532  nm)  is  equally  divided  into  four  parts:  two  of  these  serving 
u  pump  beams,  while  the  remaining  two  pump  a  dye  laser 
oscillator  and  amplifier.  The  dye  laser  is  tuned  to  provide  a  red 
broad-band  Stokes  beam  (1 10  FWIIM)  centered  at  607  nm. 
The  red  Stokes  beam  and  the  two  green  pump  beams  are  then 
focused  together  by  a  25  cm  focal  length  lens  in  a  BOXCARS 
configuration.  A  25  x  250  pm  measuring  spot  size  is  achieved. 
The  CARS  signal  is  colleacd  by  a  Spex  1702  spectrometer. 
1024-elcment  DARSS  camera,  and  Tracor-Northem 
multichannel  analyzer  (Figure  2).  The  raw  data  are  processed 
by  a  MODCOMP  minicomputer. 
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Fig.  2  Arrangement  of  the  CARS  System  Optics 

From  the  raw  data  the  temperatures  are  determined  by 
comparing  the  actual  nitrogen  spectra  to  the  calculated  spectra, 
using  a  least-squares  fit.  The  calculation  of  a  nitrogen  CARS 
spearum  requires  knowledge  of  the  instrument  dit  funaion. 
Error  problems  associated  with  the  assumption  of  a  constant 
dit  function  when  the  optical  path  contains  density  and/oi 
temperature  gradients  are  avoided  by  use  of  a  simple  method 
of  determining  slit  functions  from  the  colleaed  dau  at  aoual 
temperature  and  turbulence  levels,  by  applying  local 
thermodynamic  equilibrium  principles  (Heneghan  et  al.,  1991). 
This  method  has  l^n  shown  to  yield  improvements  in  the 
precision  of  the  CARS  measurement  (Heneghan  and 
Vkngsness.,  1991). 

Both  fuel  and  air  flows  were  monitored  by  separate 
electronic  flow  conuol  units  to  within  ±0.5  percent  and  ±1.5 
percent  retgiectively.  The  combined  error  produced  an 
uncertainty  of  ±1.5  percent  in  equivalence  ratio,  or  ±30K  in 
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temperature.  Usually.  SOO  samples  were  taken  for  each  CARS 
measurement  to  ensure  that  the  error  in  RMS  temperature  was 
less  than  lOK.  The  RMS  temperature  is  susceptible  to  CARS 
instrument  noise  (Heneghan  and  V^gsness.  1990).  However, 
in  combusting  flow  the  temperature  fluauations  are  much 
greater  than  the  instrument  noise,  and  thus  the  measurement 
precision  (reproducibility)  is  good.  It  is  estimated  overall,  that 
the  CARS  mean  temperature  measurement  accuracy  is  within 
50K.  while  the  precision  is  well  within  20K.  Unlike  the  LDA. 
CARS  temperature  measurements  are  time-averaged  without 
density-biasing  effects. 

ISOTHERMAL  FLOW  HELD 

Development  of  the  isothermal  flow  field  in  the  research 
combustor  with  a  free  outlet  is  fully  discussed  in  Sturgess  et  al. 
(1991b).  Briefly,  at  a  simulated  blowout  condition,  the  annular 
air  jet  immediately  entrains  the  central  fuel  jet.  generating  a 
small  central  recirculation  bubble  of  length  17  mm  with  a 
beginning  about  IS  mm  downstream  of  the  jet  confluence.  The 
individual  jets  thus  quickly  merge  as  they  expand  into  the 
combustor,  and  soon  lose  their  identities.  This  merging  is 
complete  by  138  mm  from  the  step.  The  step  generates  a  large 
recirculation  zone  of  axial  length  7.7  step  heights,  and  with 
vortex  centers  about  3.1  step  heights  downstream. 

The  addition  of  exit  blockage  by  orifice  plate  exerts  an 
obvious  effect  on  the  radial  profiles  of  mean  axial  velocity  as 
the  flow  accelerates  along  the  combustor  centerline  to  form  a 
vena  contracta  in  the  exit  plane,  with  a  toroidal  recirculation 
zone  forming  on  the  forward  face  of  the  orifice  plate.  For  the 
4.9  L/D  combustor  the  near-field  is  unaffeaed.  but  the 
centerline  flow  acceleration  is  evident  as  close  as  125  mm 
downstream  from  the  step-plane.  Ftgures  3  and  4  demonstrate 
this  at  125  and  300  mm  stations  respectively,  for  45.1  percent 
blockage.  Note  that  the  acceleration  effea  is  ameliorated  to 
some  extent  by  the  expansion  of  the  combined  jets  into  the 
combustor. 
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Fig.  3  Radial  Profiles  of  Mean  Axial  Velocity  in  Isothermal 
Row  al  125  mm  Downstream  from  the  Step-Plane. 
Showing  Central  Row  Net  Acceleration  with  Exit 
Blockage 


AXIAL  STATION  300  mm  FRO.M  STEP 


Mean  Axial  Velocity,  m/s 

Fig.  4  Radial  Profiles  of  Mean  Axial  Velocity  in  Isothermal 
Row  at  300  mm  Downstream  from  the  Step-Plane. 
Showing  Central  Row  Net  Acceleration  with  Exit 
Blockage 

There  were  no  changes  apparent  in  the  fluctuating 
velocities  with  the  addition  of  exit  blockage. 

The  flow  field  with  reaction  present  is  the  process  of  being 
measured.  The  features  described  under  isothermal  conditions 
are  unchanged  in  charaaer  by  the  heat  release. 

EFFECTS  OF  BLOCKAGE  ON  FLAME  BEHAVIOR 

The  research  combustor  operates  with  three  basic  flame 
conditions,  depending  on  the  equivalence  ratio.  For  ^  >  1.05 
approximately,  a  thin,  sheath-like  pilot  flame  is  anchored  close 
to  the  step  near  the  outer  diameter  of  the  air  passage  (Sturgess 
et  al..  1991c).  The  fuel  source  for  this  pilot  flame  is  the  step 
recirculation  zone.  The  major  heat  release  is  then  precipitated 
downstream  in  more  or  less  distributed  foshion.  by  the  action 
of  this  pilot.  Downstream  flame-holding  takes  place  in  the 
shear  layers  associated  with  the  central  and  step  recirculation 
zones  (Sturgess  et  al.,  1991b).  For  ^  <  l.OS  approximately,  the 
pilot  flame  is  highly  intermittent  (Roquemore  et  al.,  1991).  and 
the  main  flame  is  lifted  (Sturgess  et  al,  1991c),  allowing 
considerable  premixing  of  reactants  to  take  place  prior  to 
combustion.  The  lifted  flame  is  positioned  between  160  to  300 
mm  from  the  step-plane.  When  ^  reaches  1.5  to  2.0  and  before 
a  rich  blowout,  a  separated  flame  condition  is  again  esublished 
where  the  pilot  flame  is  no  longer  apparent  to  the  eye,  but  the 
main  flame  does  not  lift  in  this  case.  It  is  located  about  30  to 
40  mm  downstream  from  the  step. 

Leair  blowout  data  were  correlated  on  the  basis  of  a 
combustor  loading  parameter  (Sturgess  et  al.,  1991c).  derived 
from  reaction  rate  theory  as. 

LP  *  m  /  (V?"F) 

Tot 
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where  for  gaseous  fuels  and  with  simulation  of  low  pressures  by 
excess  nitrogen  injection. 


“in,  .  +  ® 

Tot  fuel  air  nitrogen 

V  =  reaaor  volume 

P  «  effective  pressure 

n  =  apparent  global  reaction  order 

■  2^/(1  +  mnijfQgen/ ntair) 

4>  *  equivalence  ratio 

F  =  temperature  correction  faaor  (to  400K) 

„  jQ0.00143Tin  /  3  72 

T  »  inlet  temperature  of  reactants  in  K. 

Use  of  LP  for  blowout  correlations  follows  from  the 
adoption  of  a  stirred  reactor  modeling  approach  (Sturgess  et 
al..  1991a).  It  also  forms  a  useful  way  of  charaaerizing  the 
degree  of  "flame  straining”  present  in  the  combustor. 

Figure  S  provides  a  map  of  flame  behavior  as  a  lean 
blowout  is  approached,  obtained  by  visual  observation.  The 
combustor  L/D  was  4.9,  and  the  exit  was  a  4S.1  percent 
blockage  orifice  plate.  Inlet  temperatures  for  the  reactants 
were  constant  at  293K.  and  no  excess  nitrogen  was  injected. 
The  Reynolds  number  of  the  annular  air  jet  was  in  the  range  of 
24.800  to  46.000.  The  attached  and  lifted  flame  conditions  are 
illustrated  in  Figure  2  of  Sturgess  et  al.  (1991c). 
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Fig.  5  Flame  Behavior  as  Lean  Blowout  is  Approached  at 
Low  Combustor  Loadings  with  4S  Percent  Exit 
Blockage 


The  range  of  loading  parameter  in  Figure  S  is  such  that 
lean  blowoua  were  obtaii^  dose  to  the  flammability  limits 
for  propane/air  mixtures  at  ambient  conditions  (Lewis  and  von 
Elbe,  1961).  The  flame  behavior  seen  is  both  reversible  and 
repeatable.  Flame  lift  can  be  seen  at  about  1.05  equivalence 
ratio,  and  is  insensitive  to  loading  parameter  over  the  limited 
range  covered.  Subsequent  tests  (Sturgess  et  al..  1991c)  with 
injection  of  excess  gaseous  nitrogen  into  the  air  stream  showed 
no  effects  on  equivalence  ratio  for  flame-lift.  When  the  fuel 
flow  was  progressively  reduced  at  constant  airflow,  or  the 


airflow  was  progressively  inaeased  at  constant  fuel  flow,  the 
same  sequence  of  flame  events  leading  to  a  blowout  took 
place.  These  events  are  shown  on  Figure  S.  Eventually,  an 
osdllatoiy  flow  situation  develops,  with  large-scale  axial 
movements  of  the  entire  lifted  flame  about  a  mean  position. 
This  motion  leads,  in  due  course,  to  lean  blowout. 

The  existence  of  the  sequence  of  flame  behavior.s  did  not 
qualitatively  change  with  differences  in  exit  blockage.  However, 
the  equivalence  ratio  for  flame  lift  was  observed  to  decrease 
dightly  with  increase  in  blockage  due  to  orifice  plates 
(Figure  6).  Similar  behavior  was  observed  with  increase  in 
tailpipe  L/D  for  the  45. 1  percent  blockage  top-hat  section 
(Figure  7), 


COMBUSTOR  L/D  =  4  9 
ORIFICE  PUTS  EXIT 


Fig.  6  Dependence  of  Equivalence  Ratio  for  Flame  Lift  on 
Exit  Blockage  for  Low  and  Intermediate  Combustor 
Loadings 


COMBUSTOR  L/D  =  49 
BLOCKAGE  =  0  451  (GEOMETRIC) 


Fig.  7  Dependence  of  Equivalence  Ratio  for  Flame  Lift  on 
Ikilpipe  Length  for  45  Percent  Geometric  Exit 
Blodcage 
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The  significance  of  the  10,000  Reynolds  number  for  the 
fuel  jet  in  Figures  6  and  7  is  that  this  value  represents  a  critical 
thre^old  for  transition  to  turbulent  flow  for  propane  (Lewis 
and  von  Elbe,  1961). 

A  fairly  strong  influence  on  the  equivalence  ratio  for  the 
onset  of  the  large-scale  axial  oscillation  of  the  lifted  flame  was 
observed,  as  shown  in  Figure  8.  Inaeased  blockage  raises  this 
equivalence  ratio  and  is  therefore  destabilizing,  opposite  to  the 
effect  on  flame  lift.  Note  the  significance  of  air  jet  Reynolds 
number. 


COMBUSTOR  L/D  =  49 
ORIFICE  PUTE  EXIT 


Fig.  8  Influence  of  Exit  Blockage  and  Combustor  Loading 
on  Equivalence  Ratio  for  Onset  of  Axial  Movements 
of  the  Lifted  Flame 


It  is  apparent  that  the  loss  of  the  important  pilot  flame 
marks  the  beginning  of  a  lean  blowout  sequence.  A  similar 
importance  of  the  pilot  flame  is  observed  as  a  rich  blowout  is 
approached.  Figure  9  shows  the  dependence  of  rich 
equivalence  ratio  for  loss  of  the  pilot  flame  (to  result  in  a 
separated  main  flame),  on  exit  blockage  in  the  4.9  UD 
combustor.  Note  that  on  the  rich-side,  decreasing  equivalence 
ratio  denotes  a  maximum  loss  of  stability  at  45.1  percent 
biodtage.  At  given  blockage  this  rich  equivalence  ratio  for  pilot 
flame  loss  decreases  as  the  combustor  loading  is  increased; 
Figure  10  demonstrates  this  for  the  4.9  L/D  combustor  at  45.1 
percent  exit  blockage  by  orifice  plate. 


COMBUSTOR  L/D  =  49 
ORIFICE  PUTE  EXIT 


Fig.  9  Dependence  of  Equivalence  Ratio  for  Rame 

Separation  on  Exit  Blockage  for  Low  Combustor 
Loading 


COMBUSTOR  L/D  =  4.9 
ORIFICE  PUTE  EXIT 
EXIT  BLOCKAGE  =  45  7. 


Fig.  10  Influence  of  Combustor  Loading  on  Equivalence 
Ratio  for  Rame  Separation  at  45  Percent  Exit 
Blockage 
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DIRECT  EFFECTS  ON  LEAN  BLOWOUT 


EXIT  BLOCKAGE  =  45  PERCENT 


It  was  observed  for  low  values  (about  0.18 
lbni/(sec.fL^atinos.")  dose  to  the  flammabtlity  limits  for 
propane/air  mixtures  at  these  conditions)  of  the  loading 
parameter  that  the  blowout  equivalence  ratio  deaeased 
linearly  as  the  exit  blockage  by  orifice  plate  was  increased.  This 
is  $ho«m  in  Figure  11.  and  is  somewhat  surprising  since  the 
lifted  flame  is  positioned  (Roquemore  et  al.,  1991)  in  the 
regions  where  the  mean  flow  is  beginning  to  be  accelerated 
due  to  the  blockage  (Figures  3  and  4),  at  least  in  isothermal 
flow.  Heat  release  should  increase  the  flow  acceleration.  The 
improvement  in  stability  depended  on  the  combustor  L/D  ratio: 
for  a  given  blockage,  die  shoner  the  combustor  the  less  stable 
it  was  and  the  greater  its  sensitivity  to  the  exit  blockage.  For 
the  4.9  L/D  combustor  at  this  loa^ng,  the  lean  blowouts  were 
virtually  independent  of  exit  blockage. 
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Fig.  1 1  Influence  of  Exit  Blockage  on  Lean  Blowout  at  Low 
Combustor  Loading  in  Three  Combustor  Lengths 

For  a  fixed  exit  orifice  plate  blockage  of  45. 1  percent  at 
slightly  higher  loading  parameter,  the  dependency  on  L/D  is 
given  in  Figure  12.  where  it  can  be  seen  that  an  optimum  L/D 
exists.  Close  to  the  flammability  limits  there  is  also  a  fairly 
strong  sensitivity  of  blowout  equivalence  ratio  to  combustor 
loading  parameter.  The  existence  of  the  optimum  combustor 
length  to  maximum  subility  dose  to  the  flammability  limits 
(Lewis  and  von  Elbe,  1961)  can  be  attributed  to  the  occurrence 
of  acoustic  coupling  (organ-pipe  resonance  driving  eddy 
shedding  off  the  step  at  55  Hertx)  at  large  L/D  (Heneghan 
et  al.,  1990),  and  outlet  interference  with  flame  holding  at 
small  l/D. 
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Fig.  12  Dependence  of  Lean  Blowout  at  Low  Loadings  on 
Combustor  Length  with  45  Percent  Exit  Blockage 


At  45.1  percent  exit  blockage  the  peak  amplitude  of  the 
55  Hz  frequency  signal  measured  inside  the  combustor  by 
Kisder  pressure  transducers,  was  increased  by  a  factor  of  5.5 
when  the  combustor  L/D  was  increased  from  3.167  to  6.513. 
For  the  4.9  L/D  combustor  with  45.1  percent  exit  blockage 
(and  the  acoustic  treatment  described  in  Heneghan  et  al., 

1990),  the  peak-to-peak  amplitudes  to  low  frequency 
osdiladons  (1-600  Hz)  were  less  than  0.69  N/m^  and  to  high 
frequency  osdllations  (1-5  KHz)  the  amplitudes  were  less  than 

6.9  N/ml 

Figure  13  displays  the  sensitivity  to  exit  blockage  in  the 

4.9  L/D  combustor  operating  at  loa^ngs  (10 
lbm/(sec.ft.^atmos.''))  near  to  the  peak  heat  release  rate 
condition  (obtained  with  a  combination  of  high  airflow  rates 
and  injection  of  excess  nitrogen  as  a  diluent).  Again,  the 
blowout  equivalence  ratio  decreases  linearly  with  increasing 
blockage.  However,  when  contrasted  with  the  sensitivity  to 
blockage  to  this  combustor  near  the  flammability  limits 
(Figure  1 1),  it  is  seen  that  blockage  exerts  a  much  more 
powerful  influence  on  stability  at  this  higher  loading. 

The  general  conclusion  can  be  drawn  that  exit  blockage 
improves  the  lean  stability  of  the  research  combustor.  The 
effectiveness  of  blockage  in  improving  the  stability  in  a 
combustor  of  given  length,  depends  on  the  loading  at  which  the 
combustor  is  operated.  Of  the  three  combustor  lengths 
evaluated  (and  for  operation  at  low  loadings  at  least),  the 

4.9  L/D  combustor  has  the  best  stability  at  ’''y  blockage  hvel 
between  0  and  62  percent.  Exit  blockage  reduces  the  rich 
stability  of  the  research  combustor,  and  the  extent  of  this  also 
depends  on  the  combustor  loading. 


COMBUSTOR  LOADING 
NEAR  PEAK  HEAT  RELEASE  RATE 
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Fig.  13  Influence  on  Lean  Blowout  of  Exit  Blockage  at  High 
Combustor  Loading 

WALL  TEMPERATURE  BEHAVIOR 


variety  of  jet  velocity  ratios  and  combustor  flow  functions.  No 
effect  of  velocity  ratio  was  apparent,  and  substantial  increase  in 
flow  function  resulted  in  only  a  negligible  inaease  in  MTF. 


44  5  mm  FROM  STEP 


The  wall  temperatures  for  the  combustor  are  needed  to 
provide  boundary  condition  infoimation  for  subsequent 
computational  fluid  dynamic  calculations  to  be  made  in 
attempts  to  model  the  lean  blowout  process.  They  can  also 
provide  by  inference,  additional  information  concerning 
development  of  major  flow  features  in  the  combustor. 

>tall  temperatures  are  most  conveniently  expressed  in 
nondimensional  form,  sometimes  known  as  Metal  Temperature 
factor  (MTF),  and  defined  by. 


\d,fl~^in 


where 

Tg  w  wall  temperature 

Tad,fl  **  adiabatic  flame  temperature. 

For  premixed  flames,  MTF  represents  a  normalized  wall 
temperature,  and  is  particularly  useful  in  the  present  case 
therefore,  because  of  the  partial  premixing  that  takes  place 
when  the  flame  is  lifted. 

Figure  14  compares  at  44.5  mm  downstream  from  the  step 
and  inside  the  step  recirculation  zone,  actual  thermocouple 
temperatures  over  a  range  of  equivalence  ratios  against 
temperatures  derived  from  the  MTF  trend  with  downstream 
distance.  Data  are  provided  for  zero  and  45.1  percent  exit 
blockage  in  the  4.9  L/D  combustor.  The  tests  were  made  for  a 


Fig.  14  Comparison  of  Actual  Will  Temperatures  with 
Smoothed  Vflues  Over  a  Range  of  Equivalence 
Ratios,  Showing  Influence  of  Exit  Blockage 


The  figure  shows  that  wall  temperatures  in  the 
recirculation  zone  increase  with  combustor  exit  blockage  by 
about  20  to  25  deg.  K  for  45.1  blockage.  Peak  temperatures 
occur  at  equivalence  ratios  in  the  range  of  0.9  to  1.1.  For  the 
attached  flame  condition  (<)>  ^  1.05),  temperature  levels  are 
about  820K,  and  fall  to  about  7g0K  as  lean  blowout  is 
approached. 

The  form  of  MTF  variation  with  equivalence  ratio  is 
shown  in  Figure  15  for  a  station  146  mm  downstream  from  the 
step  (still  inside  the  recirculation  zone).  The  behavior  in  the 
figure  is  typical  of  all  axial  stations  along  the  combustor.  MTF 
decreases  with  increasing  equivalence  ratio  up  to  an 
equivalence  ratio  of  about  0.9S,  and  then  becomes  independent 
out  to  a  value  of  1.6.  There  is  negligible  effect  of  blockage  on 
MTF  at  this  station. 

The  "break"  in  the  curve  of  Figure  15  may  be  interpreted 
as  representing  the  flame-lift  condition.  The  inferred 
equivalence  ratios  for  flame-lift  based  on  this  break  for 
different  axial  locations  are  shown  in  Figure  16  compared  with 
the  equivalence  ratios  for  flame-lift  based  on  direct 
observation  (Figure  6).  As  might  be  anticipated,  inferences 
based  on  data  from  downstream  are  in  better  agreement  with 
direct  observations.  No  effect  of  blockage  is  apparent  on  the 
inferred  flame-lift,  which  does  not  conflia  wiA  direa 
observation  in  Figure  6. 
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146.0  mm  rROM  STEP 


Fig.  15  Nonnalized  Wdl  Temperatures  at  126  mm  from 

Step-Plane  for  2^ro  and  45  Percent  Exit  Blockage, 
Showing  Influence  of  Equivalence  Rado 


based  on  mtf  break-point 


Downstream  Distance  from  Step,  mm 

Fig.  16  Indicated  Equivalence  Rados  for  Flame-Lift  from 
>Mdl  Ihmperatures,  Compared  with  Direct 
Otaervadons 

The  variations  of  the  maximum  value  of  MTF  with 
equivalence  ratio  for  0, 45.1  and  62  percent  geometric 
Moefcages  are  given  in  Figure  17;  the  flame  condition  -  lifted 
or  atta^d  -  is  delineated  based  on  Figure  6.  The  values  of 
maximum  MTF,  and  the  positions  at  whidi  they  occur,  were 
derived  at  each  equivalence  ratio  from  diflerentiation  of  curve 
fits  to  MTF  versus  axial  disunce  information  obuined  from  the 
curves  in  ploa  such  as  given  in  Figure  15. 

Figure  17  indicates  that  maximum  MTF  reaches  its 
minimum  value  at  about  the  equivalence  ratio  for  flame-lift. 


Exit  blockage  does  not  afreet  the  value  of  maximum  MTF.  but 
maximum  MTF  does  inaease  as  lean  blowout  is  approached. 
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Fig.  17  V^'ations  of  Maximum  Normalized  Vbll 

Temperatures  for  Lifted  and  Attached  Rames  at 
Several  Values  of  Exit  Blockage 


When  the  position  at  which  maximum  MTF  is  reached  is 
plotted  in  similar  foshion  in  Figure  18,  a  .strong  effect  of 
blockage  is  apparent  for  lifted  flames;  equivalence  ratios  for 
attached  flames  do  not  influence  this  position  significantly.  For 
the  three  blockages  shown,  the  position  of  maximum  MTT  is 
roughly  constant  around  450  mm  from  the  step  for  attached 
flames. 


E 


Equivalent"  Ratio 

Fig.  18  Dependency  of  Position  of  Maximum  Normalized 
^^11  Temperature  on  Exit  Blockage  for  Lifted  and 
Anached  Rames 
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When  equivalence  ratio  is  reduced  so  that  a  lifted  flame  is 
esublished.  an  uiuestricted  combustor  exit  results  in  the 
position  of  maximum  NfTF  initially  moving  back  toward  the 
step.  However,  for  an  equivalence  ratio  of  0.9,  the  closest 
position  to  the  step  is  reached  at  about  270  mm;  therefore,  as 
equivalence  ratio  is  further  lowered  toward  a  lean  blowout,  the 
position  again  moves  downstream  as  the  flame-lift  increases. 

The  addition  of  exit  blockage  introduces  an  additional 
recirculation  zone  (on  the  orifice  plate  upstream  face)  into  the 
combustor,  and  the  existence  of  this  recirculation  is  how 
blockage  exerts  an  influence  on  the  position  of  maximum  MTF. 
The  position  of  maximum  MTF  is  associated  with  the 
reattachment  plane  of  the  step  recirculation  zone  since  this  is 
where  the  jet  shear  layers  reach  the  combustor  wall  (Sturgess 
et  al..  1991b).  These  jet  shear  layers  are  where  the  majority  of 
the  heat  release  takes  place  during  combustion,  whether  or  not 
the  pilot  flame  is  attached  (Sturgess  et  al.,  1991a).  Movements 
of  the  position  of  maximum  MTF  therefore  reflect,  albeit  in 
crude  foshion,  movements  of  the  reattachment  plane  for  the 
step  recirculation  zone.  The  lack  of  blockage-effect  on  the 
value  of  maximum  MTF  (Figure  17)  indicates  that  heat  release 
in  the  jet  shear  layers  is  not  substantially  changed  by  combustor 
exit  blockage;  however,  the  trajectory  of  these  shear  layers  is 
(Figure  18),  possibly  due  to  flow  acceleration  as  a  result  of  the 
heat  release.  The  behavior  evident  in  Figure  18  for  45.1  and  62 
percent  blockage  is  the  result  of  interactions  between  the  step 
and  orifice  plate  recirculation  zones,  due  to  heat  release  rate  as 
equivalence  ratio  is  varied,  and  modified  by  the  two  flame 
conditions. 

With  this  flow  model,  the  lifted-flame  (partially  premixed) 
behavior  for  maximum  MTF  in  Figure  18  at  zero  exit  blockage 
is  consistent  with  the  findings  of  Morrison  et  al.  (1987),  Pitz 
and  Daily  (1983),  and  Stevenson  et  al.  (1982)  for  premixed 
flames  that  a  step  recirculation  zone  at  fixed  (turbulent) 
Reynolds  number  decreases  in  size  with  inaeasing  equivalence 
ratio.  The  minimum  distance  occurring  at  an  equivalence  ratio 
of  0.9  suggests  that  pilot  flame  attadiment  is  becoming  evident 
before  the  directly-observed  equivalence  ratio  of  l.OS 
(Figure  6).  Examination  of  the  intermittency  of  the  pilot  flame 
(Roquemore  et  al.,  1991,  and  Chen,  1991)  tends  to  confirm  this 
suggestion. 

WALL  STAHC  PRESSURES 


exit.  This  is  illustrated  in  Figure  21.  where  it  is  also  shown  that 
the  flame  condition  does  not  exert  an  influence. 
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Fig.  19  Dependency  of  V^ll  Static  Pressures  in  the  Step 

Recirculation  Zone  on  Inlet  Flow  Parameter  and  Jet 
Nfelodty  Ratio  in  Isothermal  Flow  with  a  free  Exit 


FLOW  PABAMETEB  (WVt/PI’ 
tLB^X'i/SEC-PSIA)' 

Fig.  20  Suppression  of  Dependency  of  1^11  Sutic  Pressure 
on  Jet  Velocity  Ratio  by  Eidt  Blockage  in  Isothermal 
Flow 


For  an  atmospheric  pressure  discharge  combustor  with  exit 
blockage,  wall  static  pressures  provide  means  for  a  convenient 
assessment  of  the  extent  of  the  additional  recirculation  zone  set 
up  on  the  orifice  plate  upstream  face.  With  a  free  exit,  the 
difference  between  ambient  pressure  and  wall  static  pressure  in 
the  combustor  reaches  zero  in  the  exit  plane.  However,  when 
the  exit  is  restricted,  this  difference  readies  zero  at  some 
position  inside  the  combustor  (Heneghan  et  al.,  1990).  The 
position  where  this  occurs  marks  the  stagnation  plane  for  the 
aft  redrculation  zone  on  the  orifice  plate. 

In  isothermal  flow  the  wall  static  pressure  at  a  given 
station  is  a  function  of  the  jet  velodty  ratio  X.  and  the  inlet 
flow  parameter,  as  can  be  seen  for  a  sution  44.5  mm 
downstream,  in  Figure  19.  As  Figure  20  demonstrates,  when 
exit  blockage  is  introduced,  the  dependency  of  wall  static 
pressure  on  velocity  ratio  is  suppressed.  Combustion  also 
suppresses  the  dependency  on  jet  veloaty  ratio,  even  for  a  free 
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R8  21  Suppression  of  Dependency  of  Mbil  Static  Pressure 

on  Jet  Vhlodty  Ratio  by  Combustion  with  a  Free  Exit 
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Again  using  cuTvc  fits  and  differentiation,  the  axial 
positions  along  the  combustor  at  which  atmospheric  pressure 
was  attained,  were  found.  Typical  wall  static  pressure  axial 
distributions  are  given  in  Figure  3  of  Heneghan  et  al.  (1990). 
Figure  22  shows  dat  in  isothermal  flow  this  condition  was 
reached  at  a  constant  580  mm  approximately,  with  45.1  percent 
exit  Uodtage.  and  was  so  regardless  of  inlet  flow  parameter  or 
jet  velocity  ratio.  With  combustion  and  the  same  blockage,  the 
position  for  atmospheric  pressure  was  a  strong  funaion  of 
equivalence  ratio,  as  Figure  23  shows,  where  the  leading-edge 
of  the  aft  recirculation  zone  moves  progressively  forward  in  the 
combusUM'  as  equivalence  ratio  is  reduced,  independent  of 
flame  condition. 
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Fig.  22  Independence  from  Inlet  Flow  Parameter  and  Jet 
Vhlodty  Ratio  of  Position  Where  Atmospheric 
Pressure  Is  Reached  on  the  Combustor  ^1.  in 
Isothennal  Flow  with  45  Percent  Exit  Blockage 
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Fig.  23  Variation  of  Downstream  Position  Where  Bfhll  Sutic 
Presme  Reaches  Atmospheric  with  Equivalence 
Ratio  at  45  Percent  Exit  Blockage 


At  62  percent  biockage  the  position  at  which  atmospheric 
preswre  was  attained  was  always  greater  than  600  mm  from 
the  step,  and  thus  could  not  be  accurately  determined  from  the 
static  tap  positions  available. 


RELAnONSHIP  BETWEEN  REaRCULATION  ZONES 


The  information  on  the  end  ttf  the  step  recirculation  zone 


inferred  from  MTF  dau  (Figure  18)  can  be  combined  ivith  the 
information  on  the  beginning  of  the  orifice  plate  rearculation 
zone  from  the  static  pressure  data  (Figure  23)  in  order  to 
examine  the  relation^ip  between  these  two  important  flow 
features  in  the  restricted-exit  combustor. 

Figure  24  shows  a  combination  of  Figures  18  and  23  for 
45.1  percent  exit  blockage  with  combusting  flow.  It  can  be 
deduced  that  there  is  always  positive  separation  between  the 
end  of  the  step  recirculation  zone  and  the  beginning  of  the 
orifice  plate  recirculation  zone  for  this  blockage.  Furthermore, 
for  lifted  flames,  this  separation  is  maintained  at  a  con.stant 
distance  of  about  80  mm.  so  that  direct  interference  never 
happens.  For  attached  flames,  the  separation  distance 
increases,  as  Figure  25  shows. 

WITH  45X  BLOCKAGE 


Fig.  24  Downstream  Positions  Where  Atmospheric  Pressure 
and  Maximum  Normalized  Vihll  Temperature  Are 
Attained  as  Equivalence  Ratio  Is  Vhried  for  Fixed 
Exit  Blockage 

WITH  BLOCKAGE 


Fig.  25  Distance  Between  Rearculation  Zones  for  Lifted  and 
Attached  Flames  at  Fixed  Exit  Biockage 
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For  62  percent  blocka|e,  it  appears  as  though  direct 
interference  between  zones  does  not  occur  either,  despite  the 
inferred  position  of  the  end  of  the  step  recirculation  zone  being 
further  downstream  at  around  SOO  mm  for  all  equivalence 
ratios  (Figure  18). 

GAS  TEMPERATURE  PROFILES 

Lmited  gas  temperature  measurements  were  made  using 
the  CARS  system.  Profiles  along  the  combustor  centerline  and, 
radially,  close  to  the  step,  were  taken  at  0, 45.1  and  62  percent 
exit  blockage  by  orifice  plates  in  order  to  assess  what  blockage 
did  to  the  all-important  step  recirculation  zone.  This  was  a 
quick  preliminary  look  made  prior  to  more  extensive 
field-mapping  of  temperature  to  be  reported  separately. 

The  axial  profiles  of  mean  temperature  along  the 
combustor  centerline  at  45. 1  percent  exit  blockage  for  lifted 
and  attached  flames  are  given  in  Figure  26,  where  the 
temperatures  are  presented  as  the  ratio  of  actual  temperature 
to  the  adiabatic  flame  temperature.  The  combustor  loadings  in 
both  cases  are  in  the  range  of  0.7  to  0.76  lbn/(sec.fi.^atmos."), 
i.e.,  ^rly  near  to  the  lean  flammability  limit.  For  both  flames 
the  temperature  initially  falls,  and  then  inaeases  again  for 
distances  greater  than  100  mm  from  the  step-plane.  By 
consideration  of  Sturgess  et  al.  (1991b),  the  increases  in 
centerline  mean  temperature  can  be  associated  with  the  inner 
edge  of  the  reacting  jets  shear  layer  reaching  the  centerline  and 
thereby  introducing  sufficient  oxidant  for  extensive  chemical 
reaction  to  take  place  on  the  centerline.  The  initial  distance  in 
this  profile  can  therefore  be  viewed  as  a  conditional 
thermo-chemical  potential  core  region.  Note  that  the  position 
of  mean  temperature  inaease  is  in  the  region  where  in 
isothermal  flow  the  centerline  mean  axial  velocity  begins  to 
accelerate  with  the  45.1  percent  exit  blockage  (Figure  3).  Also, 
for  the  attached  flame  the  dimensionless  mean  temperature 
level  is  generally  increased  over  that  for  the  lifted  flame. 


COMBUSTOR  L/D  =  4  9 
EXIT  BLOCKAGE  =  45  5! 


Downstream  Distance,  z  mm 

Fig.  26  Centerline  Profiles  of  Dimensionless  Mean  Gas 

Ibmperature  for  Attached  and  Lifted  Flames  at  Fixed 
Exit  Blockage 


Radial  profiles  of  tfemeniioiiless  mean  temperature  for  the 
condition  above  are  given  in  Figure  27  for  a  dnwnstream 
sution  5  mm  from  the  step.  Comparison  of  these  profiles 
reveals  the  effea  of  the  attached  flame  on  mean  temperature, 
and  shows  the  pilot  flame  to  be  leenied  at  a  radius  of  17  to 
20  mm.  The  probability  diatribution  foaciions  (p.d.f.)  confirm 
this  definifion.  This  is  somewhat  conaiatent  with  the  mean 
position  of  24  mm  radius  for  the  aitachad  IImk  daiarminrd  at 
10  nun  downstream  with  thin  Mnmsat  pyremnsry  (TFP) 
(Roquemore  et  al.,  1991).  Again,  the  l^is  of  dimensionless 
temperature  are  higher  at  all  radial  positions  for  the  attached 
flame  condition.  The  p.d.f.'s  for  the  lifted  flame  condition 
agree  with  the  measurements  of  the  spontaneous  OH  emission 
given  in  Roquemore  et  al.  (1991),  that  there  is  a  finite 
probability  of  the  pilot  flame  being  present  pan  of  the  time, 
even  though  the  main  flaane  is  fully  lifted  and  an  anchored  pilot 
flame  is  not  directly  observed.  For  both  lifted  and  attached 
flames,  the  step  recirculation  zone  provides  a  significant 
high-temperature  reservoir  for  the  combustion  processes 
developing  in  the  shear  layers. 


COMBUSTOR  L/D  =  4  9 
EXIT  BLOCKAGE  »  45  % 
Z  5  MM 
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Mean  Temperature  to  Adiabatic 
Flame  Temperature 

Fig.  27  Radial  Profiles  of  Dimensionless  Mean  Gas 

Temperature  in  the  Step  Region  for  Aatacbed  and 
LifM  Flames  at  Fined  Emt  Blockage 

Note  that  both  Figures  26  and  27  indicate  an  elevation  of 
gas  temperatures  over  the  inlet  conditions  dose  to  the 
confluence  of  the  jets  and  around  the  region  anoem^ssing  the 
small,  central  recirculation  bubble  (Sturgoes  et  al.,  1991b). 
Although  not  yet  supported  by  strong  dircqi  ewdenit,  it  has 
been  hypothesiaed  (Sturgess  et  al.,  1991a)  that  nonstatioHniy 
flow  interactions  of  the  fuel  and  air  jets  with  the  central 
recirculation  bubble  result  in  additional  radial  mass  transport 
of  reacunts.  Such  mass  transport  could  account  for  early 
chemical  reaction  and  hence,  the  observed  elevated 
temperatures  dose  to  the  orifice.  The  p.d.f.  at  a  radius  of 
14  mm  for  an  equivalence  ratio  of  1 J6  at  a  combustor  loading 
of  0.428  lb„/(secft.^atmo$.")  shows  that  there  is  an  equal 
probability  of  the  flame  being  present  as  there  is  of  fluid  at 
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powerful  suppressiag  effect  on  fluctuations  in  the  jet  shear 
layers. 


inlet  tenperatures.  This  radius  marks  the  position  of  the 
outer-et^  of  the  fuel  tube.  For  this  temperature  condition  to 
be  so,  either  ditea  flame  or  a  hot  gas  ignition  source  from  the 
step  recirculation  zone  must  be  transported  completely  across 
the  annular  air-jet  path  (see  Figure  1). 

The  addition  of  biockage  increases  the  centerline  mean 
temperatures  for  lifted  flames  at  loadings  fairly  near  to  the  lean 
flammability  limit  The  effea  is  patticularfy  strong  for  distances 
doner  to  the  confluence  of  the  jets  dian  100  mm.  as  Figure  28 
shows.  The  radial  profiles  of  dimensionless  mean  temperature 
indicate  that  blocfcage  slightly  increases  the  temperanire  in  the 
step  redrculation  zone. 

COMBUSTOR  L/D  =  49 
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Fig.  28  Comparison  of  Centerline  Profiles  of  Dimensionless 
Mean  Gas  Temperatures  for  Lifted  Flames  at  Various 
Exit  Blockages 

The  centerline  profiles  of  the  ratio  of  the  RMS  value  of 
fluctuating  temperature  to  mean  temperature  for  0. 4S.1  and  62 
percent  eat  blocfca|e  in  the  4.9  UD  combustor  are  given  in 
Figure  29.  The  eqidvalence  ratios  are  such  that  the  flames  were 
all  lifted,  and  the  combustor  loadings  were  0.7  to  0.76 
lb«/(aec.ft.^tnios.")-  The  fluctuating  temperatures 
superimposed  on  the  mean  temperatures  are  not  significantly 
affected  by  exit  blockage.  What  is  noteworthy,  however,  is  the 
dramatic  increase  in  the  fluctuating  component  for  disunces 
closer  than  50  mm  to  the  jet  origins.  This  is  associated  in 
paftieniar  with  the  forward  stagnation  point  of  the  small, 
central  redrculation  zone,  which  for  isothermal  flow  is  situated 
at  about  14  mm  from  the  origin. 

« 

Hgiire  30  presents  radial  profiles  of  the  ratio  of  RMS 
temperature  to  mean  temperature  at  5  mm  downstream  from 
the  step-plane  for  a  range  of  exit  blocfcage  at  the  same 
operating  eonditioas  as  for  the  previmis  figure.  i.e..  lifted  flame 
at  light  loadif^  'Amperature  fluctuations  in  the  step 
redrculation  aone  are  not  much  affeaed  by  the  exit  blocfcage. 
In  sharp  comrast  the  existence  of  any  blockage  at  all  exerts  a 
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Fig.  29  Comparison  of  Centerline  Profiles  of  Dimensionless 
Fluctuating  Gas  Temperatures  for  Lifted  Flames  at 
^uious  Edt  Blockages 
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Fig.  30  Radial  Profiles  of  Dimensionless  Fluauating  Gas 

Temperatures  in  the  Step  Region  for  Lifted  Barnes  at 
\krious  Exit  BIcKkages 
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Whether  the  flame  is  lifted  or  anached.  there  are  no 
chanfes  in  temperature  fluctuations  in  the  step  rearculation 
zone  at  S  mm  downstream  with  45. 1  percent  exit  blockage. 
There  appear  to  be  some  differences  for  the  two  flame 
conditions  in  the  shear  layers  (possibly  the  pilot  flame),  but  the 
present  dau  are  not  sufficient  to  be  sure. 

DISCUSSION 

The  long-term  intent  for  the  research  program,  of  which 
this  effort  is  but  a  part,  is  to  derive  calculation  procedures  for 
lean  blowout  in  gas  turbine  engine  combustors.  One  of  the 
calculation  procedures  being  developed  for  this  purpose  is 
computational  fluid  dynamics  (CFD).  For  viability,  CFD  should 
be  able  to  provide  a  reasonable  simulanon  of  the  real  physical 
behavior  involved  in  the  lean  blowout  process.  It  is  therefore 
required  that  significant  flame  events  in  the  blowout  process 
should  be  experimenully  identified  and  characterized.  The 
atuched.  separated  and  lifted  flames  and  the  influence  of 
combustor  geometry  on  the  operational  conditions  under  which 
these  are  encountered,  hence  form  a  significant  part  of  the  data 
base.  The  ability  to  calculate  these  characteristics  will  form  a 
critical  test  of  the  efficacy  of  any  CFD  modeling  of  lean 
blowout. 

The  research  combustor  exhibits  a  distinct  and  repeatable 
flame  pattern  change  as  it  blows  out  on  the  lean  side  (Figure 
S).  There  are  similarities  in  the  flame  changes  for  both  rich  and 
lean  blowouts.  A  key  element  in  these  sequences  of  flame 
change  is  the  loss  of  the  thin,  sheath-like  pilot  flame  anchored 
at  the  outer  diameter  of  the  air  jet.  This  pilot  flame  servas  as  a 
continuous  ignition  source  for  the  main  flame  that  then 
originates  in  the  shear  layers  associated  with  the  fuel  and  air 
jets,  and  the  recirculation  zones.  For  rich  blowouts,  loss  of  the 
pilot  flame  does  not  result  in  obvious  changes  in  the  main 
flame,  either  in  position  or  character.  It  tends  to  remain 
concentrated  in  the  shear  layers.  However,  for  lean  blowouts, 
loss  of  the  pilot  flame  causes  the  main  flame  to  lift  to  a 
downstream  position.  This  clearly  allows  significant  premixing 
of  reactants  to  occur,  with  the  result  that  the  main  flame  in  its 
lifted  position  is  more  distributed  across  the  width  of  the 
combustor.  Blowout  in  the  separated  rich  flame  ukes  place 
suddenly,  in  the  lifted  lean  flame,  blowout  is  preceded  by  the 
onset  of  large-scale  axial  oscillations  of  the  main  flame  about 
its  mean  position  (Figure  5). 

The  flame  events  described  are  controlled  by  the 
operating  equivalence  ratio  of  the  combustor  (Figures  S  and 
10).  The  equivalence  ratios  at  which  flame  events  occur  are 
modified  by  the  existence  of  back-pressure  applied  at  the  exit 
from  the  combustor  (Figures  6  through  9  inclusive).  The 
sensitivity  of  the  event-equivalence  ratios  to  the  exit 
back-pressure  depends  on  the  combustor  loading,  and  this 
sensitivity  generally  increases  with  the  loading  (Figures  8  and 
10). 

The  application  of  exit  back-pressure  to  the  research 
combustor  exerts  a  favorable  influence  on  the  lean  biowoui 
(Figure  1 1).  At  fixed  combustor  loading,  the  effea  depends  on 
the  combttttor  length  to  diameter  ratio.  When  acoustic  effccu 
and  direct  Iom  of  the  step  recirculation  zone  (Figure  12)  are 
eliminated  through  use  of  an  appropriate  combustor  length,  the 


changes  in  blowout  due  to  exit  blockage  are  sensitive  to 
combustor  loading  (Figures  1 1  and  13).  Predioably,  they  are 
strongest  at  high  loadings  approaching  the  peak  heat  release 
rate  condition.  At  low  combustor  loadings,  the  improvement  in 
stability  due  to  blockage  is  consistent  with  a  more  persistent 
anchored  flame  (Figures  6  and  7),  but  conflicts  with  an  earlier 
onset  of  large-scale  axial  movements  of  the  lifted  flame 
(Figure  8). 

The  presence  of  the  outlet  blockage  changes  the 
isothermal  flow  field  in  the  combustor  1^  causing  acceleration 
of  the  mean  axial  velocities  about  the  centerline  (Figures  3  and 
4),  and  by  introducing  an  additional  recirculation  zone  on  the 
upstream  bee  of  the  orifice  plate  placed  at  the  combustor  exit. 
Acceleration  of  the  central  flow  is  evident  as  close  as  125  mm 
downstream  from  the  step  plane  (Figure  3).  or.  at  an  L/D  of 
0.83  in  the  4.9  L/D  combuaor  at  45.1  percent  blockage.  This  is 
upstream  of  the  reattachment  plane  for  the  step  recirculation, 
vihich  is  at  about  2.82  L/D  (Sturgess  et  al..  1990).  With  a  free 
etat  in  isothermal  flow,  the  central  flow  is  decelerated  as  the 
fuel  and  air  jets  merge  and  eiqumd  into  the  combustor  around 
the  step  recirculation  zone.  The  net  acceleration  that  results 
with  exit  blockage  represents  a  modification  of  the  shear  layers, 
and  thus,  flame  holding  in  these  shear  layers  can  be  e]g>eaed 
to  be  changed. 

The  wall  static  pressure  measurements  in  the  step 
recirculation  zone  show  that  combustion  suppresses  a 
sensitivity  to  jet  velodty  ratio  that  is  apparent  in  isothermal 
flow  (Figures  19  and  21);  the  addition  of  exit  blockage  in 
isothermal  flow  exercises  a  similar  effect  (Figure  20). 

With  combustion,  it  can  be  inferred  ffnm  wall 
thermocouple  measurements  that  the  position  of  the  step 
recirculation  zone  reattachment  shifts  according  to  the 
equivalence  ratio  (Figure  18).  For  lifted  flames,  the  dependency 
on  equivalence  ratio  is  modified  by  the  degree  of  outlet 
blockage  (Figure  18).  From  wall  sutic  pressure  top 
measurements,  the  size  of  the  orifice  plate  recirculation  is 
inferred  also  to  be  influenced  by  combustion  (Figure  23).  For  a 
lifted  flame  at  a  given  blockage,  the  movements  of  these  two 
stagnation  planes  with  equivalence  ratio  is  such  that  a  constant 
separation  between  them  exists  (Figures  24  and  25).  i.e..  there 
is  no  direct  interference.  When  the  attached  pilot  flame 
condition  is  established,  movement  of  the  step  recimlation 
zone  reattochment  essentially  ceases  (Figure  24).  However,  the 
orifice  recirculation  zone  continues  to  decrease  in  size  (Figure 
24),  with  the  result  that  the  separation  between  stagnation 
planes  is  increased  (Figure  25).  Therefore,  it  is  unlikely  that  the 
lean  blowout  improvement  with  exit  blockage  is  associated  with 
direct  modification  of  the  step  recirculation  zone. 

The  “quick-look"  at  mean  gas  temperature  profiles  shows 
the  existence  of  the  pilot  flame  for  equivalence  ratios  when  it  is 
present  (attached  flame),  and  indicates  slightly  increased 
temperatures  in  the  step  recirculation  zone  and  on  the 
combustor  centerline  in  the  near-field.  For  lifted  flames,  exit 
blockage  exerts  its  greatest  effect  in  the  near-field  on  the 
combustor  centerline,  particularly  associated  with  the  small, 
central  recirculation  bubble;  there  is  little  effect  in  the  step 
recirculation  zone.  The  CARS  p.d.f.’s  confirm  earlier  findings 
by  OH  emission  and  TFP  measurements  that  the  pilot  flame  is 
intermittently  present  even  when  direct  observations  indicate 
that  it  is  lost  and  the  main  flame  is  lifted. 
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Fluouating  gas  temperatures  along  the  combustor 
centerline  are  insensitive  to  exit  blockage  (Figure  29);  however, 
they  once  again  confirm  the  strong  dynamic  nature  of  the  flow 
associated  with  the  central  recirculation  bubble  that  is 
generated  by  entrainment  of  the  central  fuel  jet  by  the  much 
stronger  surrounding  annular  air  jet  (Sturgess  et  1991b).  In 
the  near-field  (at  S  mm)  the  ladid  profiles  of  fluctuating 
temperature  suggest  that  exit  blockage  is  a  dampening  effect; 
only  slightly  in  the  step  recirculation,  but  much  more  strongly 
in  the  jet  shear  layers  (Figure  30). 

Back-pressuring  the  flame  (by  exit  blockage  in  this  case) 
exerts  a  powerful  stabilizing  effect  on  lean  blowout,  especially 
at  the  high  combustor  loadings  that  can  represent  critical 
operating  conditions  for  military  aircraft.  Direct  aaion  of 
back-pressure  on  the  step  recirculation  zone  does  not  seem  to 
take  place.  The  back-pressure  acts  most  strongly  on  the  initial 
processes  occurring  in  the  jet  shear  layers  by  modifying  their 
trajeaories  and  turbulence  characteristics.  These  initial 
processes  emerge  as  being  critical  to  the  overall  flame 
subilization.  whether  the  main  flame  is  atuched  or  lifted. 
Evidence  is  building  (here  and  in  earlier  work)  that  dynamic 
behavior  of  the  flow  in  the  near-field  can  control  the 
combustion  process,  perhaps  through  radical  changes  in  radial 
mass  transport. 

The  present  results  confirm  that  future  anention  should  be 
directed  at  the  pilot  flame,  the  drcumstances  of  its  existence 
and  its  contribution  to  the  main  flame.  The  dynamic 
interactions  of  the  central  recirculation  bubble  with  the  jet 
shear  layers  and  of  the  jet  shear  layers  with  the  step 
recirculation  zone  must  be  explored  in  detail,  and  diaraaerized 
if  possible.  It  would  be  desirable  if  such  future  studies  could 
include  a  mass  transport  experiment  and  time-resolved  flow 
visualization  of  the  combustion  in  the  shear  layers. 

CONCLUSIONS 

1.  Back-pressure  by  means  of  exit  blockage  does  exert  an 
effect  on  the  lean  blowout  charaaeristics  of  a  combustor. 
The  effect  is  weakest  at  low  combustor  loadings  near  the 
flammability  limits,  and  strongest  at  high  combustor 
loadings  near  the  peak  heat  release  rate.  Modification  of 
the  effect  occurs  with  changes  in  combustor  length  to 
diameter  ratio. 

2.  Direct  interference  effects  of  exit  blockage  on  the  step 
recirculation  zone  do  not  occur. 

3.  The  major  effects  of  exit  blockage  on  lean  blowout  are  due 
to  changes  in  the  fuel  and  air  jet  shear  layers,  and  in  the 
interaction  of  this  shear  layer  with  the  step  recirculation 
zone  and  with  the  central  recirculation  bubble.  Dynamic 
processes  appear  to  play  a  significant  part  in  these 
interactions. 

4.  Future  experimenal  work  should  concentrate  on  the 
near-field  region,  the  dynamic  interactions  taking  place 
there,  and  the  circumstances  governing  the  existence  and 
role  of  the  anchored  flame. 


S.  The  combustor  exhibits  consistent  and  well-characterized 
flame  behavior  that  depends  on  equivalence  ratio  and  exit 
blockage.  The  ability  to  represent  this  behavior  will  provide 
a  stringent  test  of  the  realism  of  any  numerical  modeling 
(CFD)  of  this  combustor. 
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Abstract 

A  progress  report  is  presented  on  a  comprehensive 
research  program  a^ied  at  improving  the  design  and  analysis 
capabilities  for  flame  stabiliqr  and  lean  blowout  in  the 
combustors  of  aircraft  gas  turbine  engines.  The  motivation 
and  aims  of  the  program  are  reviewed,  and  the  unusual 
approach  adopted  to  address  the  research  issues  is  outlined 
The  supporting  experimental  program  and  the  test  vehicles 
involv^  are  described  together  with  sonne  major  results 
obtained  to  date.  The  modeling  techniques  that  are  being 
explored  are  summarized  Their  potential  and  limitations  are 
highlighted.  Although  much  work  remains  yet  to  be  done,  the 
progress  made  thus  fzr  gives  rise  to  reasonable  optimism  for 
achieving  the  program  objectives. 

Program  Overview 

lladitional  gas  turbine  combustor  design  methodology 
has  been  based  on  empirical  correlations,  experience,  scaling 
of  successful  designs,  and  extensive  development  testing.  This 
approach  has  been  amazingiy  successful.  However,  as  the 
demands  on  the  combustor  have  increased,  the  margin  for 
error  in  achieving  goals  has  been  reduced.  At  the  same  dme, 
the  escalating  costs  of  rig  tests  and  eiqrerimental  engines  is 
limiting  the  amount  of  dmiopment  work  that  can  be  carried 
out. 

The  weakness  of  the  traditional  approach  is  two-fold 
First,  empirical  correlations,  and  the  phenomenological 
models  upon  which  they  are  based  provide  limited  insight 
into  the  fundamental  physical  and  chemical  processes  that 
they  represent  This  faa  makes  radical  departures  from 
previous  designs  very  risky.  Second  and  perhaps  the  greatest 
weakness,  is  that  v^n  things  go  wrong  in  a  design  the 
methodology  is  seldom  capable  of  providing  explanations  or 
offering  solutions  to  the  problem. 

Reasonably  complete  mathematical  simulation  of 
practical  aerospace  lysmmt  by  means  of  compuntional  fluid 
dynamics  (CFD)  has  tecentiy  emerged  as  a  modeling  tool  of 
considerable  sod  ever-growing  potential  and  power.* 
Although  suooeadhl  application  of  dw  tedmique  as  an 
engiaecrmg  tool  to  complex  internal  flows  hm  not  yet 
advanced  to  anywhere  near  the  same  degree  as  for  external 
flows,  recent  program  in  the  area  has  been  rapid^  Although 
many  improvements  are  still  needed  CFD  computer  codes 
when  incorporated  in  a  design  qrstem,  offer  tte  potential 
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beiwfit  of  a  methodology  that  is  predictive,  confer  inaeased 
understanding  of  complex  coiqried  behavior,  and  promise  a 
reduced  reliam  on  expensive  experimental  tests. 

In  the  United  States  of  America,  Government  funding 
has  been  a  powerful  motivator  for  the  development  of  CFD 
applied  to  the  modeling  of  aerospace  powerplants.  In  the 
combustor  area,  the  U.S.  Army  Research  LabcMratories 
initiated  and  fun^  the  first  serious  effort  in  1975.  In  1977 
the  U.S.  Air  Force  launched  the  Combustion  Model 
Evaluation  (CME)  program  to  develop  advanced  diagnostic 
tedmiques  and  to  establish  a  tedmology  base  for  the 
evaluation  of  cranbustion  models.  In  parallel,  U.S.  industry 
initiated  its  own  internally  funded,  erqrloratoiy  programs*.  ^ 
1981,  NASAs  Lewis  Research  Center  introduced  the  Hot 
Section  Ibcfanology  (HOST)  program.  A  three-phase 
program,  niase  I  ot  this  endeavor  utilized  puUished  data  to 
establish  the  accuiaqr  and  identify  short-comings  of  the  most 
popular  CFD  codes  then  currenL^^  Some  of  the  problems 
idratified  in  Phase  I  were  addressed  in  Phase  n,  which 
produced  improvements  in  numerical  accuracy*  and 
computational  speed,  and  added  to  the  experimental 
database.  Regrettably,  the  HOST  program  twkd  in  1967 
before  entering  Phaw  m,  where  bas^  on  the  preceding 
work,  a  new  state-of-the-art  CFD  code  was  to  have  been 
developed.  Consequently,  CFD  development  remained  with 
industry  where  efforts  were  wisely  concentrated  on  converting 
the  ea^  codes  into  useful  engineering  tools  through  the 
introduction  of  extensive  pre-  a^  post-processing 
capabilities  and,  flexible  bouridaiy  condition  specification 
and  complex  geometn  representation,  together  with  solution 
procedure  ^reed-up*.  Progress  in  tiiis  area  hat  been  both 
rapid  and  impressive.  However,  the  current  CFD  codes 
essentially  retain  the  technical  capabilities  of  the  original 
generation  of  codes. 

The  gap  in  physical  modeling  resulting  from  the 
premature  termination  of  HOST  prompted  the  U.S.  Ak 
Force  to  restructure  the  CME  program  to  focus  on  combuwor 
technical  modeling.  In  1967  the  Combustor  Desigo  Modd 

Evaluation  (CDME)  program  was  established.  The  CDMEit 
an  effort  to  improve  Ae  available  physical  modeling  wich  that 

the  engineering-tool  CFD  codes  can  be  upgraded  to  addrem 
the  dmign  of  combustors  for  gas  turbine  engines  in 
comprehensive  fuhion. 

The  program  specific  objective  is  ‘To  bring  about 
significant  improvements  in  the  design  capabilities  of 


oompitter-bMed  gas  turbine  modek  to  advance  the 
methodology  for  designing  gas  turbine  oombustois.’* 


Ikerc  are  many  areas  of  physcal  modeling  related  to  gas 
turbine  ooministion  that  require  inqMrovement  However,  of 
all  <rf  the  oonfouKor  design  requirements  diat  must  be 
yatidwi  oooibustor  stabiliQT  is  considered  to  be  the  most 


important  since  it  directly  concerns  aircraft  safety.  Current 
modeling  practice  for  combustor  stabiiiqr  is  phenomeno¬ 
logical  and  design  specific;  the  resulting  data-correladons  are 

such  that  when  used  for  design  putposes.  they  can  result  in 


votume  uncertainties  as  much  as  2:1.  fHuthennore,  engine 


design  trends  towards  high  temperature  rise  combustors, 
together  with  renewed  demands  for  low  eshaust  emissions  of 
are  eroding  available  stability  margins  for  fixed 
geometry  awnbustors.”  Even  staged  combustors  (either  fuel 
or  air)  can  have  subility  diCBculties  at  dm  saging  point(s). 
Combustor  stability  therefore  represents  one  suiable  target 


for  the  CDME  program. 


Problem  Backs 


The  combustion  stability  limits  in  an  aircraft  gas  turbine 
engine  can  typically  be  determined  by  four  major  factors. 
These  factors  are:  tte  fundamental  flame  holding  behavior  of 
the  combustor,  acoustic  coupling  effects  in  the  combustor, 
reactant  supply  limitations  imposed  by  the  engine  systems 
(e.g.  fuel  atomization,  fuel  pump  speed,  fuel  control  settings, 
compressor  vane  scfamhiling,  etc.),  and,  operating  excursions 
due  to  dynamic  interactions  between  the  engine  components 
(e.g.  compressor  stalk  and  surges,  etc.).  The  present  study  k 
concerned  only  with  the  first  these. 


The  flame  holding  characteristics  of  the  combustor  ate 
aometinics  referred  to  as  the  Mow-off  limits.  Stability  in  thk 
context  k  defined  as  the  range  of  operating  fuel-to-air  ratios 
within  which  a  time-mean  stttionaiy  flame  can  be  maintained 
inside  the  combustor.  Implied  k  the  existence  at  any 
operating  point  (combustor  loading)  of  two  limiting  foel-to- 
air  ratios,  one  involving  excess  fuel  (rich)  and  the  other 
involving  excess  air  (lean)  over  the  values  to  completely 
convert  all  the  reactants.  Mow-off  at  fuel-rich  conditions  k 
diflicult  to  achieve  under  normal  drcumstances,  except  near 
the  peak  heat  release  rate  condition.  If  encountered  it 
commonly  results  in  severe  thermal  damage  to  the  turbine 
and  possibly  the  combustor  also.  Of  more  practical  interest 
k  blow-off  at  fuel-lean  conditions. 


For  the  aircraft  engine,  combustor  blow-off  limits  are 
sncounmred  timing  low  engine  speeds  at  high  altitudes  over 
a  range  of  flight  Mach  numbers.  Thk  k  illustrated  in  Fig.  1 
as  a  fom  in  the  opetatir^  envelope.  The  shape  and  extent  of 
titt  envelope  lorn  depend  on  the  flow  diaracterktics  of  the 
engine  at  low  ape^  (windmilling  flight  or  flight  idle 
oonditiom  nonnally),  and  on  the  design  of  the  combustor.  It 
k  die  task  of  the  combustion  engineer  to  design  a  combustor 
that  will  beatable  for  all  required  flight  operating  conditions. 
%  that,  all  steady  state  engine  operating  points  should  lie 
inside  an  envelope  defined  by  the  combua^  loading  and  the 
rich  and  lean  fuel-to-air  ratio  range  within  whidi  combustion 
can  be  sustained.  Thk  envelope  should  be  extensive  enough 
fo  encompass  the  under- and  over-shoott  associated  with  the 
dffbrent  response  rates  to  throtde  movements  of  the  fuel 


system  and  die  rotating  machinery,  adequate  allowance  for 
safety  margins  should  be  included.  Fig.  2  illustrates  these 
requirements. 


AMCMAFT  RJQHT  MACH  NUMK* 


Fig.  1  Engine  operating  envelope  determined  by  relight 
capability. 
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Hg.  2  Engine  operations  superimposed  on  a  stability 
loop,  shr^ng  how  transients  reduce  subility 
margins. 


The  overall  strategy  adopted  to  address  the  program 
objective  as  applied  to  combustor  subility,  involv^  three 
diaiiKt  steps; 

1.  Provide  by  experimental  means,  an  improved 
understanding  of  the  physics  involved  in  lean  MowouL 

2.  Model  the  lean  blowout  process,  and  integrate  the 
modeling  with  CFD  codes. 

3.  Provide  experimental  daUbases  against  which  the 
modeling  k  tested  and  calibrated. 

The  following  procedure  for  implementing  the  strategy 
was  devised:  The  total  problem  was  divided  into  two  phases 
that  separated  out  liquid  fuel  prqiaration  faom  the  basic 
aerodynamics  and  combustion  chemistry.  If  the  initial  phase, 
in  wh^  gaseous  fuek  were  to  be  used,  was  unsuccessful  then 
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the  MooBd  phaee  for  liquid  fueb  (Jn/JPS/Jet  A)  wouid  uot 
proceed. 

Phase  I,  for  whidi  propane  was  selected  as  the  pruae 
gaseous  fuel,  consists  (rf  a  fundamental  element  a^  an 
applied  clement.  The  fundamental  element  (Ihsk  100) 
contains  the  desi^  developinent  and  teating  of  a  resenrch 
combustor,  and  the  modeling  developownt.  The  applied 
element  (Iksk  200)  contains  the  design,  development  and 
testing  of  a  generic  gas  turbine  combustor,  and  comparison 
of  the  Ihsk  100  modeling  against  the  Ihsk  200  measurements. 

To  nuudmue  the  likelihood  of  success,  the  joint  program 
utilizes  the  combined  talents  available  ^m  the  U.S.  Air 
Force  Wright  Research  and  Development  Center  (WRDQ, 
the  University  of  Dayton  Rpsearcfa  Institute  (UDRI),  Systems 
Researdi  Laboratories  Inc.  (SRL),  and  tatt  A  Whitney 
(P&W).  The  intent  was  to  have  PAW  design  the  research 
combustor,  provide  the  generic  combustor,  and  develop  dm 
modeling,  while  WRDC  and  two  on-site  Air  Force 
contractors,  UDRI  and  SRL,  conducted  the  experimental 
program  proposed  by  P&  W;  overall  direction  was  to  be  by  the 
Air  Fmce  Contract  Monitor  and  the  PAW  Program  Manager. 
In  practice,  as  the  effort  developed  these  responsibilities  have 
beMme  somewhat  blurred,  and  individuals  now  enthu¬ 
siastically  contribute  regardless  of  affiliation,  functioning  as 
part  of  an  integrated  team.  Additional  contributions  are 
being  made  from  the  university  community  through  the 
WRDC  Summer  Professor  program. 

Research  Combustor 

The  purpose  of  the  research  combustor  is  to  yield 
experimental  information  on  the  lean  blowout  process  to 
assist  in  understanding  the  events  taking  place,  and  so  guide 
in  modeling  them,  lb  achieve  this  purpose  in  relevant  fitshion 
the  research  combustor  should  reproduce  the  essential  flame 
holding  characteristics  of  an  airc^  gas  turbine  combustor. 
Fig.  3  illustrates  the  flow  patterns  observed  in  such  a  PAW 
atmular  combustor.  Note  the  axial  swirling  jet  of  fuel  and  air 
associated  with  each  fuel  introduction,  and  the  sudden 
expansion  of  these  jets  as  they  enter  the  primary  zone  to 
create  local  recirculation  zones  surrounding  the  jeu.  This 
action  is  assisted  by  the  back-pressure  provided  through  an 
array  of  radial  air  jets  positioned  at  the  end  of  the  primary 
zone. 
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Fig.  3  Flow  patterns  in  a  combustor. 


The  Ihsk  100  research  combustor  rms  detipicd''  to 
reproduce  the  primary  zone  flow  field  of  Fig.  3,  bur  in 
timpliied  form.  The  dmignwmako  required  tn  provide  good 
optical  aocem  for  flow  vmiitiTSiino  and  urn  of  laaer 


An  iiBiymmirtric  configuration  ens  adopted  for  the 
reactants  supply,  where  a  29.7  mm  inside  rtiaineur  central 
fuel  jet  (gamnus  propane)  is  ronmntrirally  monnted  in  a 
surrounding  40  mm  diametor  air  jet.  The  jets  are  located 
ccntraMy  in  a  150  mm  nominal  diamete^  duct  forming  the 
eernbumor  body.  A  later  modification  mil  allow  the 
inneduBtien  of  controlled  swirl  into  the  annular  air  jet  A 
hadcward-fnaag  step  at  the  jet  diacharge  plane  doses  die 
combustor  body  and  completes  the  sudden  nqmnmon.  giviag 
a  step  hmght  of  55  mm.  The  combustor  has  an  overall  length 
from  step  to  exit  of  735  mm,  and  the  exit  is  restricted  by  an 
orifice  plate  of  45  percent  blockage. 

Optical  access  is  provided  in  the  initial  475  mm  of  the 
coffibiKtor,  and  results  in  the  aoss-section  of  flat  quartz 
windows  and  vortidty-suppressing  metal  corner-pieces, 
shown  in  Fig.  4.  The  uncooled  combustor  is  mounted 
vertically  on  a  flow-conditioning  unit,  and  the  whole 
assMabfy  is  traversed  vertically  and  horizontally  through  a 
cut-out  in  the  fixed  optical  bench  of  the  UDRI  combustion 
laborattny  at  WRDC. 

(  AU.  DIUENSIONS  AKE  IN  HU  J 


Combustion-induced  acoustic  osdllations  ®“**J*^S 
limit  the  operating  ranges  of  some  practical  combustor**  ano 
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espedally  ample  combustors  of  the  present  type.  As  was 
anticipated,  initial  reacting  flow  tests  of  the  Thsk  100 
combustor  revealed  some  acousdc  coupling  that  required 
redesign  of  the  inlet  flow  conditioner,  acoustic-closing  of  the 
fuel  supply,  and  determined  the  configuration  of  the 
combustor  oudet  configuration.*^  These  modifications 
essentially  elimiruted  or  so  reduced  the  acoustic  effects  that 
there  was  no  substantia]  effect  on  the  lean  blowout 
performance  of  the  combustor. 

When  operated  at  a  typical  combustor  loading  and  with 
jet  velod^  ratios  conesponding  to  a  fiiel/air  blowout 
condition  at  diis  loading,  the  isothermal  (air/air)  flow  field 
measured  in  the  combustor  by  laser-Dof^ler  anemometer 
(LDA)  revealed  the  presence  of  the  desired  major  primary 
zone  flow  features  evident  in  Fig  3,  i.e.  a  jet  shev  layer 
^em,  an  outer  recirculation  zone  stabilized  on  the  step  and, 
a  small,  central  recirculation  zone  generated  by  the 
momentum  ratio  of  the  jets.*^  Comparison  of  the  measured 
jet  time-mean  and  fluctuating  velocity  development  with  data 
in  the  literature  revealed  no  evidence  that  the  flat  optical 
wukIows  and  their  inter&dng  with  the  corner  fillets 
introduced  any  adverse  effects  into  the  flow. 

The  Ihsk  100  combustor  was  found**  to  operate  with  two 
flame  configurations.  When  operated  ftici-ricfa  (overall 
equivalence  ratios  greater  than  unity)  the  flame  is  very  st^e 
and  is  anchored  in  the  jet  shear  layers  by  a  pflot  flame  that  is 
atttched  to  the  step  near  the  outer  edge  of  tte  air  supply  tube. 
Biel  for  this  flame  is  redrculated  frm  downstream  by  the 
step  redrculation  zone,  and  air  for  diffusion  combustion  is 
supplied  by  the  air  jet;  ignition  of  this  pflot  flaine  is  by  hot 
gases  from  downstrew  t^t  are  also  recirculated  As  the  bulk 
equivalence  ratio  is  reduced  the  pilot  flame  becomes  less 
stable,  and  eventually  reaches  a  point  where  it  is  detached 
from  the  base  region  (lifts)  nnd  Ak  entire  flame  structure 
becomes  stabilized  downstream  of  the  shear  layers  due  to  loss 
of  the  pilot  actioa  As  a  consequence  of  the  flame-lift,  a 
significant  degree  of  partial  premising  of  the  reactants  then 
takes  place  iqistream  of  the  lifted  flame  position.  When  the 
equiv^nce  ratio  is  further  reduced  the  downstream  flame 
stabilized  by  the  recirculation  zone  becomes  progressively 
less  staMe*^  in  its  lifted  condition,  and  eventually  blows  out 

The  piloting  action  of  the  flame  in  the  jet  shear  layers  by 
the  attach  flam  at  the  step  appears  to  be  crucial  to  the 
itabfli^  of  the  combustor.  Although  the  lifted  flame 
condition  itself  is  relatively  stable",  and  an  attached 
condition  is  readily  recoverable  from  it  by  either  inaeasing 
the  fuel  flow  or  reducing  airflow,  the  begitmingof  the  blowout 
process  can  dearly  be  assodated  with  the  loss  of  the  attached 
flame.  Successful  calculation  of  the  Iksk  100  combustor 
stabifity  characteristics  requires  that  the  attached  flame  and 
its  lift,  be  modeled. 

Due  to  the  stochastic  nature  of  the  flame  and  the 
integratmgtendenqrof  the  human  eye,  visual  observaticms  of 
the  attached  flame  at  the  step  suggest  that  it  is  continuous  and 
It  does  not  become  obviously  intermittent  until  the 
Jw^wnthtion  is  almost  reached.  In  reality,  carefiil  study  uith 
JpAcaJ  diagnostics  revealed  that  at  any  equivalence  ratio  the 
flam  is  alternatively  lifted  and  then  reattached; 
•fti®  conditions  it  is  attached  most  of  the  time  and  for 
•luivalence  ratios  near  unity  it  is  lifted  most  of  the  tim. 


Precise  detenniiution  of  the  equivalence  ratio  for  lift  was 
obtained  by  monitoring  the  signal  intensity  of  the 
spontaneous  OH  u.v.  emission  from  the  attached  flam  at  its 
attachment  point*^  As  fuel  flow  at  fixed  airflow  was  reduced 
there  was  a  general  decrease  in  the  OH  emission  down  to  an 
equivalence  ratio  of  l.OS;  further  reductions  in  fuel  flow 
caused  little  change  in  the  sign^i  until  blowout  this 
equivalence  ratio  is  in  excellent  agreement  with  visual 
observations  on  flame  lift  and  characteriaics.**'*^ 

A  study  of  the  attached  flame  was  made  using  a  14  pm 
SiCa  thin-filament  pyrometer  (TFP)  positioned  at  1  cm  ab^ 
die  step,  to  provide  a  time-sequence  of  the  radial  profile  of 
nearly  instantaneous  relative  temperature  for  an  overall 
equii^ence  ratio  of  1.S6.**  These  profiles  yield  som 
additional  information  on  the  attached  flame.  From  the 
temperature  peak,  a  flame  thickness  of  about  5  mm  was 
obtained.  The  radial  position  of  the  temperature  peak 
osdUates  about  a  mean  radius  of  24  nun  with  a  displacement 
about  4  mm.  This  displacemnt  is  in  agreement  with  the 
approximate  size  of  .vortices  in  the  flame,  as  10  ns  exposure 
images  of  laser  induced  fluorescence  (LIF)  emission  of  OH** 
reveal.  For  both  attached  and  lifted  flames,  there  is  a  strong 
temperature  intermittent  at  this  position,  with  frequencies 
less  than  10  Hz.  This  frequency  is  only  a  fraction  of  the 
estimated  frequency  for  shedding  off  the  step  of  the  entire 
recirculation  zone.*^ 

The  OH  images  of  the  flame  show  that  the  attadied 
flame  structure  at  any  given  time  is  associated  with  local 
vMtices  shed  from  the  inner  edge  of  the  combustor  step.  The 
flame  surfoce  is  not  drcumferentially  continuous  but  contains 
local  holes  that  appear  to  be  associated  with  the  braid  regions 
of  the  vortex  train.  For  this  reason  the  flame  is  not 
instantaneously  ^mmetric,  as  Fig.  5  illustrates.  When  the 
flame  is  lifted  and  stabilized  downstream,  the  instantaneous 
OH  images  reveal  comb'istion  takes  place  in  a  more 
distributed  form  via  relatively  large  '^ckets”  of  reaction. 


631pin 
(♦  =  1.56) 


Fig.  5  Image  of  laser  induced  OH  fluorescence  for  the 
attached  flame  with  63  Ipm  propane,  1000  Ipm  air. 
♦  -  1.56. 
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In  order  to  obtaia  a  oonpicte  defiaidoa  of  the  teas 
itahility  of  the  Ihik  100  combustor,  operatioa  at 
sub-atmoqthenc  pressures  is  neoessaiy.  The  UDRl 
lahoratoty  at  WRDC  was  only  c^ble  of  operatiiig  at 
aOMMpberk  preewrc  however,  and  was  iainaliy  hauled  lo 
propane  lew  rates  less  than  20  kg/hr.  la  order  le  overeeme 
these  liautadoos  low  pressure  simuladoa  was  used.*^  Eaosss 
pseous  nitrogen  was  introduced  into  the  air  supply  upstieaai 
^  the  combustor  at  a  diluent  to  lower  the  coocentraiioa  of 
reactants  and  to  lower  the  reaction  temperature  by  virOM  of 
its  heat  capaaqr.  These  result  in  reduced  reactioo  rates  that 
arc  similar  to  those  obtaining  at  true  low  pressures.  A 
calibration  for  the  technique  was  devised  and  verifed.  ly  this 
simulation  the  combustor  was  operated  at  sqtin^eut 
pressures  damm  to  0.1  atmosphere,  mth  eaoess  rntrofan  to 
fuel  mass  ratios  up  to  9. 

Fig.  6  displays  the  lean  stability  of  the  combustor  in 
terms  of  the  equivalence  ratio  at  blowout,  successfully 
cnrelated  against  a  standard  loading  parameter  LP.  derived 
from  chemi^  reaction  rate  theory  but  modified  to  indude 
the  effects  of  inert  excess  nitrogen,  where. 


ZJ>  -  1^7^ /(FF") 
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where  Vis  the  combustor  volumc,Pis  the  operating  pressure, 
and  m  signifies  mam  flow  rate  with  subscripcs  a,  f  and  Na 
denoting  air,  fuel  and  eaoem  nitrogen,  respectively. 


Work  in  the  Ihsk  100  leaaaith  eomhustor  SI  csMinniH 
using  advanced  laser  and  TFP  diapuistia  to  eluddste  the 
formation  the  atuched  lame  and  the  importance  of  the 
recirculation  zone.  Conq>lete  time  main  velodiy  and 

lompammre  fields  within  the  Bomhnsrsr  aie  alae  being 
obaained  ewer  a  mage  of  epecating  emufiiians,  by  means  ad 

LDA  and  CARS. 

Generic  Gas  Ihrbiae  Combustor 

The  purpose  of  the  generic  gas  turbine  combustor  (Ibsk 
200)  is  to  provide  an  eyerimental  database  against  which  the 
lean  bkn^  modeling  might  be  tested  and  calibrated.  This 
puipese  places  three  aaajor  requirements  on  the  dempi  of  the 
‘ftak  200  eombustnrFhit,  that  it  be  as  dose  to  a  real  aircraft 

periormance  and  flow  field.  Second,  that  it  be  flexibie  enough 
to  allow  suKcienr  variation  in  rekvnnt  geometry  and  flw 
distribution  to  afford  some  investigation  of  the  important 
primary  lone  desipidiaractcriatics,  such  m  equivalence  ratio 
and  residence  time.  Third,  that  anfficimr  optical  scram  be 
prowded  ao  that  laaer  diagiMWiks  aught  yield  details  of 
important  low  features. 

Fig.  7  provides  a  schematic  thawing  of  the  Tbsk  200 
ctunbustor  cross-section.  The  configuration  adopted  is  a 
four-injector,  planar-section,  simplified  version  of  a 
conventional  annular  combustor.  The  anticipated  flow  field 
is  aiinilar  to  that  shown  in  Fig.  3. 


Fig.  7  Design  features  of  generic  combustor. 

The  ftid  injectors  and  their  corabustor/dome  interfeoes 
are  actual  eigrerimeaial  engine  hardware,  vrith  the  mjecaors 
modified,  cniibmted  and  iodividualy  balanced  to  flour 
gaaeoiis  propane.  The  major  dimeasieas  of  combustor  dome 
height,  length  and  injector  spacing  are  based  on  thorn  of  the 
engine  dmt  supplied  the  injectors.  Cooling  air  is  mtroduced 
as  a  surfeoe  film  at  the  dome/liner  interfaces.  TTie  linen, 

upper  and  lower,  arc  removable  and  may  coomin  aqr  desired 
pattern  of  air  ports;  th^  do  not  have  any  specific  intmal  fifes 
cooliag,  but  an  provided  widi  a  thermal  barrier  enatiag  and 

an  convectively  cooled  by  the  shroud  flows. 


Looding  Parameter 
)  Lbm/Mc./(ll’  «t»*  ) 

Fig.  6  Correlated  blowout  data  for  the  research  com¬ 
bustor,  and  compeiiaon  with  the  calculated 
well-stirrod  reactor  blowout  characteristic  for  the 
research  combustor. 


The  current  pattern  of  air  ports  in  the  linsn  is  cm 
tuccessftdly  developed  for  an  in-service  engine.  CsnM  fe 
rim  measurements  wen  made  of  the  disefaarge  coefficients 
for  the  dome  and  liner  air  ports. 

Trio  domes  an  available;  one  a  plain  bulkhead  (also 
provided  widi  thermal  barrier  coating),  and  the  odwr  a 
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veitically-syiiiiiiethcal  configunaon  shown  in  the  Sgure. 
having  filleted  iqiper  and  lower  comers.  Ignition  is  by  means 
of  a  hydrogen  torch-ignitor. 

Air  is  supplied  to  the  dome  and  upper  and  lower  shrouds 
by  individually-metered  supplies  that  are  always  isolated 
from  each  otter  by  means  of  an  upstream  array  of  sonic 
venturis.  At  the  exits  from  the  combustor  and  shrouds  are 
independent,  water-cooled  valves  that  conffol  the  bypass 
flows. 

Fig.  8  shows  the  rig  mounted  in  the  test  facility  at 
WRDC  Flow  is  from  left  to  right,  and  the  rig  exhausts  from 
the  fadliiy  via  the  circular  duct  to  the  right  Mounted  about 
the  test  section  may  be  seen  the  harden^  LDA  and  CARS 
system. 


combustor  via  the  dome  can  be  varied  from  10  to  40  percent 
of  the  combustor  total.  Different  transverse  air  jet  panems 
can  be  introduced  by  changing  the  removable  liners,  and  two 
dome  configurations  (plain  bulkhead  and  filleted)  are 
available.  Reasonable  optical  access  has  been  achieved. 

Ibsting  in  the  Uisk  200  combustor  has  recently 
commenced,  and  Fig.  9  shows  provisional  LBO’s  at 
atmospheric  pressure  with  the  filleted  dome  passing  35 
percent  of  the  combustor  airflow  and  using  methane  as  fuel. 
The  LBO  equivalence  ratios  are  correlated  against  the 
loading  parameter  described  by  Equations  1-3.  Although  the 
loading  parameter  range  was  extremely  limited,  the  blowouts 
apparently  evidence  a  characteristic  that  is  indicative  of  flame 
holding  provided  by  two  burning  zones. 


Fig.  8  Rig  mounted  in  the  test  facility  at  WRDC. 


Optical  access  to  the  combustor  for  visualization  and 
laser  diagnostics  is  provided  primarily  by  the  side-walls 
endosing  the  four-injector  section.  These  side-walls  are  of 
fined  quartz,  and  are  contained  in  water-cooled  housings, 
fittinpfor  which  can  be  seen  in  Fig.  8.  A  fiirtter  optical  path 
is  provided  by  windows  in  the  base  of  the  rig  that  allow  laser 
bnn  aooea  to  a  high-speed  rotating  nurror  contained  by  dM 
dome  lower  fiOet-piece  (this  dome  configuration  only). 
Tfiwgh  seicctively^open^  slits  in  the  dome,  the  rotating 
nurror  can  scan  the  combustor  with  vertical  planar  sheets  of 
tem  light  imaging  purpoees.  For  ttennal  protection,  the 
csyiqr  is  purged  with  a  pressure-balanced  flow  of 
fltenmn  nitiofen.  Additional  means  (rf  optical  access  through 
the  Gaels  are  being  esfriored. 


Coos^rable  flexibility  has  been  achieved  in  the  desi{ 
Tne  generK  combustor  rig  is  designed  to  be  operated  iq) 
^  P*in<  nnd  the  rig  is  provided  with  a  gaseous  nitrogen  supf 
to  also  allow  simulation  of  sub-atmospheric  pressures, 
*'*^*J*T^  100  combustor.  The  fuels  can  be  either  props) 
«  methane  (Phase  I).  The  amount  trf  air  that  enters  tl 


Fig.  9  Lean  blowouts  for  generic  combustor  with 
methane. 


Modeling  Lean  Blowout 

As  indicated  above,  lean  blowout  experimental  data 
from  a  given  combustor  can  be  correlated  in  terms  of  the 
equivalence  ratio  at  blowout  and  the  reaction  rate-baaed 
loading  parameter  defined  by  Equations  1-3.  Fig.  10  gives 
examples  of  such  data  correlations  for  two  practical  gas 
turbine  annular  combustors;  one  is  for  a  combustor  using  a 
long-stem  bubble-cap  vaporizer  tube  as  a  fuel  injector**, 
the  other  is  for  a  combustor  using  a  strong  swirling 
prefilming  airblast  fuel  injector.  In  both  cases,  die 
equivalence  ratio  is  based  on  the  total  airflow  through  the 
ccmibustor,  and  the  volume  used  in  the  loading  parameter  is 
that  of  the  complete  combustor.  In  this  instance,  the  apparent 
reaction  order  on  pressure  (Equation  3)  is  taken  as  2.0,  which 
is  appropriate  to  stoichiometric  mixtures.  In  addition  to  the 
differences  in  fuel  injection  and  the  differences  in  fuel 
distribution  that  resulted,  the  two  combustors  had  completely 
different  flow  fields  due  to  their  different  shapes  and  liner 
hole  patterns. 
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Although  the  loadiiig  parameter  adequately  handles  the 
range  of  inlet  variables  cowered  in  the  experiments,  it  can  be 
seen  that  the  two  lean  blowout  characteristics  are  completely 
different  Note  the  similarity  of  the  swirl-stabilized 
chanaerisdc  to  the  preliminary  Thsk  200  combustor  results 
in  Fig.  9.  As  may  be  realized  from  Fig.  10,  a  completely 
general  correlation  for  lean  blowout  in  this  simple  form  is  not 
possible.  Even  attempts  to  correlate  lean  blowout  data  from 
a  family  of  combustors  having  similar  flow  patterns  and 
dimensional  relationships  but  differing  in  sc^e  and  flow 
parameter,  have  not  been  especially  successful. 


OVeiAU.  MR  LOAOMQ. 

rr*  Aiuo».h 


The  approach  adopted  for  the  calculation  of  lean 
blowout  is  to  uncouple  the  chemistry  from  the  fluid  dynamict, 
and  to  address  each  problem  separately.  This  basic 
philosophy  is  applied  at  three  levels  oi  simplicity: 

1.  Phenomenological  modeling  baaed  on  a  diaracterisiic 
time  approach,  with  CFD  providing  local  flow 
properties. 

2.  Application  of  full  chemistiy  via  a  stirred  reactor 
network  emnbiished  on  the  basis  of  analyais  of 
the  flow  fiold. 

3.  Incorporation  within  the  CFD  calculation  of  stirred 
reacton  at  the  sub-grid  level,  and  using  reactor 
wainction  criteria  baaed  in  the  Level  1  approach. 

Characteristic  Time  Models 

As  an  example  of  the  first  level,  a  reactioii-qucnching 
model  has  been  derived  from  the  argument  that  propagaaon 
of  flame  will  not  lake  place  when  die  rate  of  mixing  between 
die  small  turbulent  eddies  of  hot  products  and  cool  reactantt 
is  greater  than  the  local  chemical  reactkm  rate.  Similar 
arguments  have  been  used  by  Lockwood  and  Megahed*^. 
Derivation  is  not  presented  here  for  reasons  of  brevity,  but 
dw  quenching  criterion  resulting  is  given  as. 


Fig.  10  Comparison  of  airUast  atomizer  and  vaporizer- 
tube  lean  blowouts  showing  the  existence  of 
piloting  action. 

It  becomes  evident  from  the  behavior  of  experimental 
lean  blowout  data  that  diiea  calculation  offers  the  only 
possibility  of  making  reliable  a  priori  estimates  of  stability  in 
gas  turbine  combuston.  Tto  difficult  task  becomes 
somewhat  more  tracaUe  if  CFD  techniques  can  be  used  to 
define  local  characteristics  in  the  combuttor  flow  field. 

Complete  calculation  of  subility  directly  through  CFD 
alone  is  not  considered  as  a  viable  approach.  Lean  blowout 
is  dominated  by  the  kinetics  of  chemical  reaction  due  to  the 
low  air  pressures  and  temperatures  where  it  is  encountered. 
A  CFD  calculation  would  be  required  to  incorporate  in  its 
combustion  model  a  chemical  reaction  mechanism  that 
yielded  the  correct  heat  release.  For  hydrocarbon  fuels,  very 
many  reaction  steps  involving  several  individual  species  inighr 
be  necessary  to  adueve  this.  A  general  transport  equation 
the  form. 


/ 
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where  i  denotes  chemical  species,  mi  is  the  mass  fraction  of 
I,  and  Sm  is  a  species  source  term,  would  need  to  be  solved 
for  each  of  the  aperies.  Even  tot  reduced  reaction 
mechanisms,  the  computational  burden  involved  is  preaendy 
nnacceptable.  nirtimrmore,  ainoe  reaction  rates  are  reduced 
as  blowout  is  ^iproached,  laminar  chemistry  is  not  sufficient; 
the  inilwences  of  turbulence  on  die  reactions  must  be 
aocoumed  (tar. 


where  D  is  die  laminar  diffusion  coefficient,  K  is  the  kinetic 
energy  of  turbulence,  and  c  is  its  rate  of  dutipation,  is  a 
constant,  0|  is  a  turbulent  Schmidt  number,  and  Sl  n  the 
laminar  flame  speed. 

The  quenching  criterion  requires  turbulence  parameters 
for  evaluation.  An  isotbennal  flow  CFD  calculation  provides 
this  inforasation  at  each  grid  node  of  the  calculation  domain. 
The  quenching  can  then  be  examined  on  a  point-by-point 
basis  to  see  if  any  pan  of  the  flow  field  could  support 
combustion.  IVro  actional  conditions  must  also  be  satisfied 
for  stable  combustion.  First,  in  regions  where  the  turbulence 
would  not  quench  combusdtw,  the  local  foal/air  ntixturas 
must  be  inside  the  flammability  limiis  for  the  frieL  Second,  the 
local  mean  flow  velocities  should  not  exceed  the  turbulent 
burning  velocity.  Again,  the  CFD  results  enable  these 
conditioas  to  be  evaluated. 

In  somewhat  limited  evaluations,  Equation  5  diowed 
promise  in  the  Ihsk  100  combustor  of  being  succesriul  in 
delineating  between  operating  conditioas  where  oomhuation 
was  pomiUe  and  where  it  was  not 

Stirred  Reactor  Modeling 

Representation  of  the  combustor  by  an  eqnhnlsnt 
global  stirred  reactor  network  inexpensively  enables  foil 
chemistry  to  be  used  in  a  calculation,  so  that  stability  can  be 
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deiennined  trom  thennu-cheinistry  considerauons.  In  this 
approach,  aerodynamic  effects,  such  as  turbulence  quenching 
or  acceleration  of  reaction,  are  removed  from  consideration. 
Ruid  dynamics  only  enters  via  a  CFD  calculation  from  which 
the  suiuble  reactor  network  is  established. 

To  esablish  a  good  global  reactor  network,  considerable 
and  careful  post-processing  of  the  CFD  solution  is  necessary. 
Row  structures  existing  in  the  fields  must  be  identified 
classified,  and  dimensionally  defined.  Local  mass  flow  rates, 
including  that  recirculated  where  appropriate,  must  be 
assigned  to  each  structure.  For  three-dimensional  calculation 
domains,  this  is  not  a  trivial  task,  and  flow  topology  mapping 
techniques'^  can  be  used  with  profit 

Swithenbank^‘  has  presented  a  dissipation  gradient 
approach  for  defining  perfectly-stirred  regions  of  com¬ 
bustors.  This  classification  approi^  was  successfully  applied 
to  the  two-<hmensional  Ihsk  100  research  combustor^. 
Based  on  this  analysis,  the  rapid  mixing  region  of  the 
combustor  was  established  from  CFD  calculations  as  the 
volume  contained  within  a  surface  contour  containing  96 
percent  of  the  turbulence  kinetic  energy  and  99  percent  of  its 
rate  of  dissipation,  and  over  which  the  total  dissipation 
gradient  was  not  less  than  10  times  the  minimum  value 
recommended  by  Swithenbank.  From  within  this  rapid  mixing 
region,  a  weli-itirred  reactor  volume  was  then  ^fined  by 
super-imposing  an  additional  space  encompassing  fiiei/air 
mixtures  falling  inside  the  flammability  limits  for  propane  and 
air.  The  resulting  reactor  was  44  percent  of  the  combustor 
volume,  and  corresponded  reasorubly  well  to  the  lifted  flame 
observed  in  the  real  combustor. 

..  Fig.  6  contains  an  LBO  line  representing  the  stirred 
reactor  calculation  of  the  Iksk  100  combustor.  The  Ihsk  100 
combustor  was  modeled  as  a  single,  perfectly-stirred  reactor, 
defined  as  described  above,  with  separate  air  and  fuel  inlets 
and  a  single  discharge  of  products;  there  was  no  product 
recirculation.  The  agreement  of  the  calculation  with  the 
measured  data  is  extremely  good. 

A  more  complex  reactor  network  is  needed  to  represent 
the  Ihsk  200  combustor.  As  a  temporary  procedure  and 
pending  completion  of  the  full  topology  post-processing 
technique  in  three  dimensions,  a  provisional  reactor  network 
was  established  in  order  to  explore  the  behavior  of  such  a 
network  over  a  range  of  combustor  loadings  as  blowouts  were 
approached.  The  network  was  set  up  by  video  taping  the  flow 
structures  present  in  the  combustor  near  blowout  conditions 
(through  tte  quartz  side  windows  in  the  rig),  and  then  tracing 
thoae  images  off  the  playback  screen  to  determine  their  size 
and  oonnectiviqr.  Reactor  classification  of  the  sized  structures 
was  based  on  the  color  of  the  video  images.  Despite  its 
crwhty,  tlut  procedure  was  believed  to  be  reasonably 
representative  for  the  intended  puri>ose.  The  majtv 
uncertainqr  was  associated  with  the  recirculated  mass  flow 
rates,  whidi  of  course  could  not  be  obtained  by  these  means, 
and  were  therefore  made  purely  arbitrary  and  subject  to 
parametric  analysis. 


The  combustor  modeled  was  the  same  as  that  yielding 
the  provisional  LBO  dau  shown  in  Fig.  9.  and  used  methane 
fuel  in  the  filleted  dome  which  passed  35  percent  of  the  total 
combustor  airflow.  The  reactor  network  consisted  of  six 
mixing,  perfectly-stirred  or  plug-flow  reaaors  in  series,  with 
recirculation  from  Reaaor  3  to  Reactor  1  via  an  additional 
perfectiy-stirred  reactor.  Calculations  were  made  at  a 
number  of  airflow  levels,  and,  for  a  flow  distribution  to  the 
various  reactors  made  according  to  the  measured  effective 
areas  of  the  real  combustor  and  the  assigned  reactor 
distribution.  Atmospheric,  sub-atmospheric  and  super- 
atmospheric  pressures  were  used,  and  the  resulting  lean 
blowout  equivalence  ratios  were  correlated  by  the  loading 
parameter  (Equations  1-3).  The  equivalence  ratios  for  LBO 
were  based  on  the  combustor  total  airflow,  and  the  volume 
term  used  in  the  loading  was  the  toul  for  the  complete 
combustor. 

Rg.  1 1  shows  the  results  of  the  provisional  calculations. 
Compared  to  the  Ihsk  100  measurements  and  calculations, 
the  'Ksk  200  calculations  show; 


•  A  loading  for  peak  heat  release  that  is  an  order  of 
magnitude  smi^er. 

•  A  limiting  LBO  equivalence  ratio  that  is  almost 
one-fourth. 

This  broadening  of  the  stability  limits  and  reduction  of 
loading  for  peak  heat  release  is  behavior  that  is  typical  of 
practical  combustor  performance  compared  to  that  of 
petfectiy-stirred  reactor  performance^^. 

The  calculated  lean  stabiliqr  for  the  Ihsk  200  combustor 
is  dose  to  that  indicated  by  the  limited  initial  measurements 
in  this  combustor  (Fig.  9).  The  agreement  is  not  perfect,  and 
this  was  not  unexpected.  Compared  to  the  measured  stability 
for  other  real  combustors  with  liquid  fuel  (Fig.  10),  the 
calculations  show  a  reduction  in  limiting  LBO  equiv^ence 
ratio  that  is  appropriate  for  the  increased  homogeneity 
associated  with  gaseous  fuels. 

The  reactor  network  calculations  for  the  Thsk  200 
^netic  combustor  exhibit  some  interesting  behavior 
concerning  changes  in  flame  holding.  This  is  where  flame 
bolding  is  passed  from  one  part  of  the  network  to  another  at 
some  point  as  fuel  flow  is  reduced  and  as  individual  reactors 
in  the  network  begin  to  go  out  Depending  on  the  loading  and 
the  equivalence  ratio,  flame  can  be  held  by  reactors 
representing  the  central  near-stagnation  region  existing  at 
the  confluenceof  the  injector  fuel/air  swirling  jet  with  the  first 
row  of  transverse  air  jets  (Fig.  3),  by  reactors  representing  the 
outer  redrculation  zones  surrounding  the  fuel/air  jet  issuing 
from  the  injectors,  or  by  reactors  representing  the  array  (rf 
transverse  airjets  in  the  central  region  of  the  combustor.  This 
behavior  minucs  characteristics  seen  in  some  practical 
combustors,  e.g.,  the  swirl-stabilized  combustor  of  Fig.  10. 
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MIXER  >  Mixer,  No  Reaction 

VitSR  >  VMtt-SUned  RmOOi 

PFR  >  Plug-Flow  Reactor 
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LoKSng  PararTWter  (LP)  -  n  -  2^ 


Fig.  11  Calculated  stability  for  generic  combustor. 


The  orduaiy  diSereatial  equations  solved  in  the  reactor 
code  arc  numerically  stiff  equations.  For  diis  reason,  the 
numerical  sohitioa  procedures  can  be  sensitive  to  high  rates 
of  change.  Thus,  if  the  ftiei  flow  rate  is  reduced  too  rapitSy 
duri^  a  reactor  network  LBO  calculation,  the  calculation 
can  indicate  that  the  whole  network  is  out  at  some  point 
However,  at  the  same  operating  conditions  but  with  a  very 


.vwwMiwu  »•  luci  uww  raie.  um  inoicieo  network 
outlet  temperature  might  fall  to  very  low  levels  as  enc  reactor 
goes  out  and  then  recover  as  the  romhuslien  eflidcacy  ia 
another  reactor  picks  up  and  sustains  the  network  for  a 
further  range  of  filliag  hml  flows  and  felling  outlet 
temperatures.  The  behavior  is  similar  in  result  to  the  actual 
flame  behavior  in  some  real  combueiors.  where  *^pilot  flames" 
can  cast  in  additioa  to  the  main  flame  under  some 
circumetanees,  but  are  very  susceptible  to  being  rwinguiebed 
by  a  flow  disturbance  (acoustic,  far  caemple),  a  rapid  engiaa 
throttle  movement,  or  sometimes  rsgioas  of  intense 
turbulence. 

Networks  of  snrred  reactors,  particularly  when 
eetaMiebed  from  CFD  calculatione.  appear  to  offer  caciting 
possibditiee  for  calculadag  limitiag  lean  blowout  per¬ 
formance.  Hofwever,  care  mi^  be  needed  in  interpreting  the 
results  of  such  calculations  siace  only  the  thermo-chemical 
limits  to  ooeebuetiott  can  be  detetmi^. 

Sub-Grid  Scale  Reactor  Modeling 

The  Edrhr  Dissipatioa  Concept  (EDC)  of  Magnuemn” 
is  a  paeral  model  for  cheoucal  reaction  in  turbulent  flow. 
The  EDC  combustion  model  is  based  on  the  concept  that  the 
reactants  are  homogeneously  mined  within  the  fine  elructutes 
of  turbulence.  The  microscales  of  the  fine  snwetwres  an 
related  to  the  Kolmogorrw  eddies  by  a  simplified  spectral 
ener0  transfer  analysis.  With  the  basic  postulate,  the  fine 
structures  can  be  treated  as  well-stirred  reactors,  lb  evaluate 
the  chemical  reactions  occurring  within  the  reacton,  k  is 
necessary  to  know  the  reactor  (flne-siruenate)  vohnne,  as  wafl 
as  the  mass  enchange  rate  between  the  reactois  and  the 
surrounding  fluid.  Tte  model  supplies  a  qntttm  of  aquations 
which  describe  the  reaction  procees  within  the  fine  simtufe 
reacton  and  then  relates  tte  mkroecale  parameten  to  the 
ensemble-averaged,  mean  flow  field.  Since  Kolmogorov 
length  scales  will  always  be  much  lam  than  any  CFD 
compuutional  grid  size,  the  modeling  represents  a  sub-grid 
scale  approach. 

The  procedure  diffen  from  the  Characteristic  Time 
approach  and  the  Stirred  Reactor  modeling  in  that  the 
individual  reactor  stability  is  tested  within  the  CFD 
calculation,  and  not  after  it  The  reactor  definition  equations, 
together  with  full  chemical  kinetic  equations,  can  be  solved 
at  eveiy  node  of  a  CFD  computational  grid  applied  to  the 
combu^or  domain;  this  is  done  at  eveiy  iteration  of  the 
solution  procedure.  Thus,  the  calculate  flaow  positioa 
moves  through  the  flow  field  as  the  solution  develops. 

Since  appUcatfon  of  the  kinetka  for  a  rseeenahly 
complete  cheiitical  reaction  mnrhanism  at  eveiy  node  of  a 
voty  fine  grid  needed  for  flame  resohition  would  impoee  a 
high  cost  cm  the  calculation,  reduced  mfrhanieme  mi^  be 
used  to  mimic  the  essential  features  of  the  man  oamplose 

mechaniam.  An  ahemative  approach  to  using  ftdl  or  rodMod 

chemical  kinetics  is  to  assume  a  one  esep,  iirevenible 
reactiem  step  and/or  fast  chemistry,  and  diM  use  a  focal 
quenching  criterion. 

In  order  to  examine  the  capabilities  of  the  kinetirs 
approach,  a  foil  reaction  mechanism  for  propane/air 
oombustiem  and  consisting  of  249  reversible  steps  involving 
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SI  indiviikal  spedes.  was  compared  to  blowout  and  species 
data  from  three  different  perfectly-stirred  reactor  exper¬ 
iments  in  the  literature.  The  p^ormanoe  of  this  full 
mechanism  was  not  satisfactoiy  in  being  able  to  predict  the 
loading  parameter  at  blowout.  Given  the  poor  p^ormance 
of  the  6^  mechanism,  it  is  unlikely  that  an  adequate  reduced 
mechanism  for  LBO  can  be  obtained.  Calibrati<»  of  the 
reaction  mechanism  to  fit  experimental  extinction  dam  might 
be  made,  be  the  mechanism  either  a  full  or  reduced  one.  This 
being  so,  a  calibrated  single-step  mechanism  (ultimate 
rethiced  mechanism)  might  do  as  well,  and  would  certainly 
have  a  major  compuational  cost  advantage. 

The  efficacy  ot  the  calibrated,  global,  single-step 
reaction  medianism  approach  was  tested  by  comparing  the 
calibrated  global  medianism  of  Kretschmer  and  Odgers^ 
against  the  stirred  reactor  dau  of  Clarke,  et  al.".  Although 
this  does  not  represent  an  especially  stringent  test  of  the 
calibration,  good  predictions  of  LBO  for  both  lean  and  rich 
mixtures  resulted.  These  predictions  were  much  better  than 
those  obtained  with  the  multi-step  reaction. 

When  the  calibrated  global  mechanism  of  Reference  23 
was  incorporated  as  the  kinetic  mechanism  in  a 
perfecdy-scitred  reactor  code  for  a  further  check,  significant 
diacrepancies  were  found  between  the  calculated 
temperatures  for  large  residence  times  and  true  equilibrium 
ten^ratures.  These  discrepaiicies  resulted  in  corre¬ 
spondingly  large  errors  in  temperature  and  residence  time 
near  blowout,  and  adversely  affected  LBO  calculations. 
Accordingly,  the  products  of  reaction  in  the  mechanism  were 
redefined  to  be  the  equih'brium  produa  distribution  so  as  to 
restore  correct  temperatures  for  long  residence  times.  Minor 
adjustments  were  then  made  to  the  loading  eqiression,  and 
th^  involved  replacing  the  fixed  exponents  on  reactant 
concentrations  and  the  pre-exponential  betor  bf  poly¬ 
nomials  in  equivalence  ratio.  The  changes  resulted  in  the  PSR 
code  duplicating  the  LBO  performance  of  the  original 
expression. 

An  extinction  residence  time  can  be  expressed  as, 

where  m'"  is  the  total  inlet  mass  flow  rate  per  unit  volume 
of  reactor.  Thus,  tbu  can  be  calculated  solely  as  a  function  of 
the  inlet  temperature  and  equivalence  ratio  from  the 
Kretschmer  and  Odgera’  expremion.  Then,  when  the 
hydrodynamic  residence  time  in  the  reactor  is  less  than  the 
extinction  (chemical)  time,  reaction  will  occur.  If  the  fine 
scales  of  turbulence  represent  perfectly  stirred  reactors,  the 
hydrodynamic  residenoe  time  in  the  fine  scales  can  be  related 
to  the  bulk  fluid  through  the  mass  fraction  of  fine  structures 
present  in  the  flow. 

This  characteristic  time  approach  to  LBO  within  the 
CDC  model  was  iinplemented  with  fmt  chemistry,  lb  test  the 
combustion  modeling,  CFD  calculations  of  an  anached  Oame 


condition  at  a  veiy  rich  condition  in  the  Tksk  100  research 
combustor  were  made. 

The  axisymmetric  CFD  calculations  were  made  with  the 
Pratt  &  Whimey  two-dimensional  PREACH  code.  There 
were  three  constraints  applied  on  chemical  reaction:  first,  the 
EDC  combustion  model  using  characteristic  times,  where  the 
chemical  extinction  time  was  based  on  the  Kretschmer  and 
Odgers’  stability  model.  Second,  local  mixtures  had  to  be 
within  independent  fiammability  limits  for  combustion.  The 
upper  limit  was  fixed  at  an  equivalence  ratio  of  2.0,  while  the 
lower  limit  was  a  function  of  temperature,  and  varied  between 
0.2  and  0.S  for  propane/air  mixtures.  Third,  the  action  of 
turbulence  was  brought  in  through  flame  speed.  For  scalar 
transport  calculation,  the  turbulent  Schmidt^andtl  number 
was  taken  as  a  constant  0.5,  appropriate  for  recirculating 
flows*.  Combustor  wall  temperatures  were  specified  on  the 
basis  of  thermocouple  measurements  at  atuched  flame 
conditions.  On  all  solid  surfaces,  a  wall  deadspace  model  was 
applied  to  quench  near-wall  chemical  reactions  for  a 
dimensionless  distance  of  y*^  ^  100.  Flow  inlet  conditions 
were  based  on  LDA  measurements*^.  A  grid  of  77  x  57  for 
one-half  of  the  combustor  from  the  axis  of  symmetry  was 
used;  15  cells  were  used  in  the  fuel  tube  and  5  for  the  air 
annulus. 

Fig.  12  displays  regions  in  one-half  of  the  combustor 
where  chemical  reaction  is  excluded;  note  that  the  axial  and 
radial  axes  are  not  to  the  same  scale.  Combustion  does  not 
take  place  on  the  walls,  nor  in  the  central  region  until  half  a 
meter  downstream  from  the  combustor  step  plane;  it  is 
allowed  in  the  step  recirculation  zones,  however.  The 
calculated  isotherms  are  shown  in  Fig.  13. 


O  Combustion 
□  No  Combustion 


Fig.  12  Research  combustor  with  regioiu  where 
combustion  is  excluded  by  modeling. 
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Fig.  13  Retearch  combustor,  showing  calculated  iso¬ 
therms  for  attached  flame  conditioas  using  Eddy 
Dissipation  Concept  modeling. 

The  calculated  streamlines  (not  presented)  show  that  the 
air  jet  and  outer  edge  of  the  step  redrculatioo  zone  initial^ 
converge  on  the  combustor  centerline  before  expanding 
radially.  This  gives  a  characteristic ''waist”  at  about  6  cm  from 
the  jet  confluence,  as  is  observed  by  eye  from  the  flames  in 
the  real  combustor. 

Analysis  of  the  calculated  results  indicates  that  the 
stoichiometric  contour  (baaed  on  chemical  reacdoos  beiiig 
reversed)  crosses  the  step  recirculation  zone  from  the 
confluence  of  the  jets  and  reaches  the  combustor  wall  about 
halfway  between  the  step  and  the  redrculadon  reattachment 
plane.  Inferred  from  the  temperatures,  the  main  flame  exists 
Ml  the  jet  shear  layers  and  originates  about  10  cm  from  the 
step-plane,  Le.,  lifted.  It  is  rather  thick  and  foilowa  the 
stoichiometric  contour  across  the  redrculadon  zone.  There 
is  good  agreement  between  the  inferred  flame  and  the  actual 
flame  diaracteristia  in  the  dme-mean  photographs,  and  in 
near-instantaneous  pictiires  oi  laser-induced  (Mf  fluo- 
raeoenee  where  concentrated  olands  of  reaction  in  the  jet 
shear  layers  give  an  apparent  sudden  thickening  of  the 
instantaneous  "flame  tegjoo." 

The  redrcaiadon  zone  k,  in  general,  very  hot  with 
tmnpetatures  eaceeding  ISOOK.  Most  of  the  fuel  that  enters 
the  redrculadon  is  consumed  veiy  quickly.  Although  there  is 
some  unreacted  ftiel,  largely  as  a  consequence  of  the 
drariSpnreiB,  the  quantity  being  returned  to  the  vicinity  of  the 
ah’  jet  as  a  rank  of  redrailation  remains  outside  the 


flammability  limits.  From  the  isotherms,  there  is  no  evidence 
of  the  attadmd  pilot  flame  that  is  known  to  exist  at  these 
operating  condidons. 

The  cakulaied  characteristks  for  the  Thsk  100 
combustor  using  the  EDC  combustion  model  are  veiy 
different  from  those  that  are  calculated  using  the  early 
generation  “mixed  is  burned”  eddy  breakup  model^.  The 
current  model  docs  calculate  the  lifted  flame  condition  and 
will  blow  out  as  fuel  flow  is  reduced  (although  full  calculation 
of  the  Thsk  100  combustor  stability  characteristic  has  yet  to 
be  made  using  saodel).  Akheugh  the  caloulatinns 
rsprodnes  seme  of  the  observed  flame  characteristics  of  tfab 
combustor  at  these  conditions,  they  are  not  successful  in 
gmag  the  aU-important  attached  pitot  flame. 

Summary 

An  important  feature  of  aircraft  gas  turbine  engine 
combustor  dsaign  has  bean  identiffad  that  is  in  need  of 

modeling  improvements.  This  is  lean  blowout  subility.  A 
classical  approach  consisting  of  a  fundamental 

experimental  investigation,  followed  by  modeling  of  the 
phsnnmsni,  and  Anally,  generic  test  of  the  modeling,  has 
been  adopted  in  order  to  achieve  dm  established  goal  of 
hnproviag  combustor  design  and  prediction  methodologies 
fx  lean  btowouL  The  implementation  of  the  technical 
approach  is  fm  from  daasical.  Invoiving  mult^  contractors, 
k  is  not  eaqr  to  manage,  but  is  proving  extrenmly  fertile  and 
eudting  in  ideas.  The  modeling  practice  used  is  a  wholly 
praputtic  one  where  the  current  limitations  imposed  by 
computer  technology  and  aumerical  methods  have  been 
dfcumvcnted  by  combining  two  individually  successful  and 
established  techniques  -  CFD  and  stirred  reactors  -  into 
integrated  methods  that  are  more  powerftil  than  their 
individual  components  alone.  Althcni^  the  program  is  br 
from  complete,  the  work  accomplished  to  date  has  already 
surfreed  important  questions,  and  indicates  reasonable 
promise  of  engineering  success. 

The  research  combustor,  a  deceptively  simple  device, 
has  been  successfully  developed  to  be  a  useftil  ejqmrimental 
tool  with  which  to  c^ore  tte  physics  of  lean  blowout  over 
a  wide  range  of  combustor  loadings.  These  loadings  are 
achieved  using  simulation  methods.  Experiments  with  this 
combustor  have  identified  the  importance  of  recirculation 
zones  to  good  stability.  A  key  deficiency  in  the  CFD  nmdeling 
has  bren  highlighted.  This  deficienqr  involves  the  accuraqf  of 
die  turbulent  mam  transport  calculation.  It  appssn  as  tho^h 
time-dependent  mean  flow  interactions  of  Ite  fuel  jm  with 
the  centerline  recirculation  bubble  could  be  resulting  in 
periodic  ejections  of  fuel  across  the  air  jet  and  directly  into 

the  st^  recircnlntion  none.  This  kanapott  of  Ami  wanld  be  in 
additien  to  that  entaring  the  recuculation  aone  via  ths  path 
around  the  recirculation  taken  by  dm  fud/airjat  shear  layaia. 

Additicmal  ejfmrimental  work  is  planned  to  further  oplcire 
due  hypodiesis.  If  this  additio^  mechanimB  k  iiedeed 
present,  it  cannot  be  modeled  by  the  station^  mate 

cemputcr  codes  in  engineering  use  tcidey.  The  additionel  hiel 
so  introduced,  could  account  for  the  attached  pitot  flasM  that 

k  observed 

The  generic  combustor  k  emerging  as  an  emrern^ 
flesble  tool  to  be  used  for  studying  primaiy  aone  deai|k 
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iiiBt  lean  Uowoul  Maay  suniluides  of 

behavior  with  (he  rcwaich  combustor  can  be  seen. 

AldKNi^  much  remains  yet  to  be  done,  the  potential  of 
ifKoqwatiwg  Stirred  reactor  modeling  with  CFD  methods, 
both  the  fiiUy  integrated  approach  when  used  in  series,  has 
been  demonstrated. 
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Turbulent  Combustion  Properties  Behind  a  Confined 

Conical  Stabizer 

J.  C.  PAN.  W.  J.  SCMMU.  and  1. 1.  MUAL 
University  of  Daytan 
Oayten  Ohio.  U.S.A. 


Abatract 

Tuibulence  properoei  were  investigaied  in  and  annnd  dw 
iBcaculatioa  zone  produced  by  a  45*  conical  flame  «■  of 
25%  bloriratt  nuio  confined  in  a  pipe  nyptiad  with  a  Mrbulm 
ptemued  anethane-air  mixture  at  a  Reynolds  number  ot  5.7  x  10^. 
A  ibne-component  LDA  system  was  used  for  measurinf  mean 
velocities,  turbulence  intenailies.  Reynolds  stresses,  skewness, 
kunosts,  and  turtaulem  kinetic  energy. 

k  was  found  that  wall  confinement  eloagaiea  the 
recirculation  zone  by  accelerating  the  flow  and  narrows  it  by 
ptcvcniing  mean  sttcainline  cutvatute.  For  confined  flames, 
turbulence  production  is  mainly  due  to  shear  stress-mew  strain 
interaction.  In  the  region  of  maximum  recitculatioo  none  width 
and  wound  the  stagnation  point,  the  outer  stretched  flame 
resembles  a  normal  mixing  layer  and  grattient-diffusioo  closure  for 
velocity  holds.  However,  and  in  the  absence  of  nitbulem  heat  flux 
data,  counier-giadient  diffusion  cannot  be  ruled  out  Hnally,  and 
bccauae  of  the  suppresskm  of  mean  streamline  curvature  by 
confinement,  in  combusting  flow,  the  production  of  turbulence  is 
only  up  to  33%  of  ia  damping  due  to  dilatation  and  dissipation. 

Nomcndnturc 

u  «  raiioofOVAi) 

BR  *  blockage  ratio 

C  •  static  pressure  coefficieni  (aP/0.5  plT) 

d^  ■  base  diameier  of  conical  stabilizer  * 

D  •  turbulent  eddy  diffiisivity 

%  -  kanosis 

L  «  length  of  the  lacaculation  zone 

rii  ■  mamflowtaia 

P  ■  pressure 

q  •  turbulent  kinetic  energy  (TKE) 


R 

S 
T 

U.V 

U.V 

BP 

uT,7r 
w 

X 

♦ 

V 

¥ 

• 

P 
t 

Superscripts 

«  mean  value 
m  nns  value 

Suhecripts 

a  ■  annular  flow 

c,f  >  combusdag  flow,  flame 

*  wvawedIweNon 

t  >  total,  nubulew 

introdactian 

Bluff  body  flame  boiden  are  widely  used  in  afletburnen  and 
other  practical  combustion  i>ita—  lo  ttabttha  a  lame.  Ihey 
pndwn  a  redreoMon  aone  in  tbc  flnwfieM.  Tbii  ww  acreca  a 
•iple  porpore:  (i)  producing  a  regian  of  low  velociqr,  (ii)  providing 
kMg  reaidencc  time  for  die  flame  m  propagaie  iniu  dre  infoming 
fiesh  mixture,  and  (iii)  serving  as  a  soarce  of  coutumous  igakiaa 


radial  dnaction 
pipe  radius 
ikewnem 


mew  vdociiies  ia  tnial  and  ladid  diitctions 
fluctuating  vclocuies  in  axial  and  radial  direcdoRS 
Reynolds  shew  stress 
axial  and  radial  nirbuiem  beat  flux 


aqaivalaace  ratio 

kinematic  viscosity 
««— fp  An*****"* 

cone  apex  angle 
density 
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for  the  incotniog  fuel-air  mixuit.  Thus,  a  steady  flame  is 
stabilized  and  propagates  downstteam  into  the  combustor. 

Many  (Afferent  geometric  shapes  of  blufl^  bodies  such  as  a 
cylinder,  cone,  disk,  vee-gutter,  or  sphere  can  be  used  as  flame 
subilizen.  The  reciiculabon  zone  produced  by  each  bluff  body  is 
aflected  by  its  geometry  (aerodynamic  effect),  the  type  of  fuel  and 
equivalence  ratio  (chemical  effect),  and  its  confuietnem  (pressure- 
gradient  effect)  in  the  combustor.  Thus,  a  complex  aetodyt^amics- 
chemisoy-ptessure  gradient  interaction  is  present  in  teactive 
recircuiatory  flowfields.  This  fact,  together  with  its  existence  in 
many  practical  combustor  configurations,  such  as  gas  turbine 
combustora,  dump  combustors,  and  backward-facing  step 
combusurs,  makes  any  investigation  of  this  type  of  flowfield  of 
considerable  practical  significance. 

Numerous  studies  report  measuremenu  of  tnean  and 
turbulent  cold  flow  properties  behind  bluff  bodies;  for  example,  see 
a  review  paper  by  Griffin  (1985).  In  contrast,  very  little 
infonnation  is  available  on  the  turbulent  combustion  ptt^ienies 
behind  bluff  bodies.  The  work  of  Winterfeld  (1965)  describes 
effects  of  recirculation  zone  geometry  on  exchange  coefficients 
and  mean  residence  titne,  that  of  Ballal  and  Lefebvre  (1979) 
discusses  weak  extinction  limits,  and  that  of  Rao  and  Lefebvre 
(1982)  analyzes  flame  blowout  Recently,  Heitor  and  Whitelaw 
(1986),  and  Sivasegaram  and  Whitelaw  (1987)  have  presented 
measuremenu  of  subility  limit  in  a  small  gu  turbine  combustor, 
and  diKussed  the  supprestdon  of  combustion  instability.  Finally, 
Ballal  et  al.  (1989)  repon  data  on  turbulent  flow  properties,  but  in 
an  open  turbulent  ptemixed  flame. 

In  this  paper,  we  provide  turbulence  properties  in  the 
practically  more  inieresdng  case  of  a  confined  turbulent 
recircuiatory  flame.  Measuremenu  of  turbulent  velocity 
fluctuations  such  as  mean  and  mu  values,  skewness  and  flatness 
facton,  Reynolds  shear  stresses,  and  axial  mean  pressure  gradients 
are  reponcd  with  and  without  combustion.  Then  these  data  ate 
interpreted  to  elucidate  the  recirculation  zone  structure,  effecu  of 
flow  confinement,  and  the  role  of  combustion-generated 
turbulence. 


1  / 


MIXTURE 

Fig.  1  Schematic  diagram  of  the  confined  flame  stabilizer  test 
facility. 


2  Test  Condition.  Zukoski  and  Marble  (1955)  have  pointed 
out  that  t^  bluff  body  wake  region  becomes  fully  turbulent  when 
Re^  a  10  .  Therefore,  all  our  exp^ments  were  performed  at  U 
20  mfs  or  Re^  »  U  d/v  >  5.7  x  10  .  and  approach  turbulence  level 
u’AJ  •  4%,  and  v’/6  =  2.8%.  Thus,  conditions  of  fully  developed 
turbuiience  existed  in^ur  recircuiatory  flowfield.  Also,  limitations 
posed  by  the  test  facility  maximum  fuel  flowrate,  capability  of  the 
LDA  seed  particle  generator,  and  safety  considerations  related  to 
flame  flashback,  all  combined  to  restria  the  maximum  annular 
mixture  velocity  to  the  above  stated  value.  Tests  were  performed 
at  three  different  equivalence  ratios,  f  >  0.65,  0.80,  and  1.0,  of 
methane-air  mixture,  conesponding  to  T^  ^  1755  K,  1996  K,  and 
2226  K  respectively  at  room  temperature  and  pressure.  The 
measurement  locations  ranged  in  axial  direction  from  x/d  >  O.OS  to 
4.5  and  in  radial  direction  from  r/d  » -0.55  to  0.55. 


Experimentai  Work 

1  Tot  Facility.  Ftgure  1  shows  the  teat  facility  we  used  for 
these  expetimema.  A  machined  stainleaa  steel  conical  flastK 
stabiliaer  of  base  diameier,  d  •  4.44  cms  (1.75  in.),  apex  angle  0  > 
45*,  and  BR  •  25%  wu  mounted  coaxially  inside  a  pipe  of  8-cm 
nomiiial  intension  and  which  has  ciu-ouu  for  four  optical  quality 
glass  windows.  This  pipe  is  supplied  with  high  velocity,  ptemixed 
methane-air  combustible  mixture  from  a  vertical  combustion  tunnel 
mounted  on  a  three-axis  traversing  platform  described  by  Ballal  et 
aL  (1987).  A  toreh  igniter  was  used  to  ignite  the  turbulent 
combustible  mixtuic.  Measuretnetua  of  turbulence  quantities  and 
mean  wall-siaiic  pressure  were  performed  downsoeam  of  the 
oonflned  conical  ttabilizer  by  using  a  three-component  Laser 
Doppler  Anemometer  (LDA)  and  precision  micromanometer 
respectively. 


3  LDA  Instnimentation.  A  three-component  LDA  system 
was  used  for  all  velocity  measurements.  Essentially,  this 
instrument  is  an  upgraded  and  refined  version  of  the  two- 
component  LDA  system  used  by  Ballal  et  al.  (1989)  earlier.  It  uses 
the  green  (514.5  nm)  and  blue  (488  nm)  lines  of  a  ISW,  Argon-ion 
laser  as  a  source.  Two  measutetnent  channels  of  this  LDA  system 
are  separated  by  polarization,  whereas  the  third  channel  uses  the 
blue  beam.  Principally,  this  instrument  incorporates  Bragg  cell 
frequency  shifting  fm  measurements  in  a  recircuiatory  flow,  a 
unique  three-channel  coincidence  circuit  for  rapid  acquisition  of 
valid  dau  (a  feature  necessary  fm  integrating  LDA  with  CARS, 
Raman  or  Rayleigh  spectroscopic  tcchtuques),  software  to  filter 
spurious  signals,  for  example,  due  to  seed  agglomeration,  and  a 
cotrection  subroutine  to  account  for  the  LDA  signal  biasing  effect 
in  ooadMisting  flows.  The  third  channel  optics  of  the  LDA  is  set  up 
normal  to  the  two-channel  optics,  and  the  scattered  signal  is 
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collected  in  a  fotwaid  directioB  10*  off-axis.  A  fluidued  bed 
seeder  is  used  to  injea  submicnn  liaed  Al^O^  seed  panicks  iMe 
the  flowinf  combustible  mixtuie.  The  efiecove  LDA  meaaureaeni 
voiimie  dimensions  were  SO  pm  x  SOO  |tm  x  1000  pm.  Scaoercd 
signals  were  detected  by  TSI  Counter  Processors  (CP)  and 
processed  by  our  cuitom-desicned  software  to  yield  iaiensuy, 
shear  stressc:;  higher  moments  (skewness  and  kunosis),  and  pdfs. 
Typical  sampin  ,  '^tes  for  LDA  measurements  exceeded  1  kHz  for 
both  isothermal  anU  combusting  flows.  For  a  three-component 
system  with  a  relatively  small  measurement  volume,  these 
sampling  rates  (particularly  in  combusting  flows)  were  considered 
sadsfacKxy. 

4  Error  Analysis.  Both  the  fuel  flow  and  airflow  were 
monitored  by  separate  TYLAN  elecaonk  flow  consol  units  to 
within  1%.  Also,  mass  conservation  balance  in  the  plane  of  the 
bluff  body  base  provided  an  additional  cross-check  against 
flowmeter  readings.  The  primary  source  of  error  in  LDA 
measurement  is  the  statisdcal  bias  of  the  final  measured  velocity 
towards  higher  mass  flux  (velocity  x  density)  when  number- 
weighted  averages  are  used  to  calculate  stationary  statisdcs.  Chen 
and  Lighnnan  (1985)  and  Glass  and  Bilger  (1978)  have  discussed 
bias  cmrecdon  schemes.  After  allowing  for  this  bias,  we  esdmatcd 
that  for  the  single-stream  seeding  and  reladvely  high-sampling 
rates  of  our  experiments,  the  uncertainty  in  the  measurement  of 
mean  velocity  was  1%,  for  ims  velocity  5%,  and  for  skewness  and 
flatness  7%.  Near  the  flame  front,  where  intermittency  would  be 
much  higher,  the  uncertainty  in  rms  velocity  could  be  greater  than 
7%.  The  long-term  repeatability  of  measurements  was  found  to  be 
within  5%  for  turbulence  quanddes. 

Results  and  Discussion 

RecenUy,  it  has  been  recogiuzed  that  chaotic  systems  such  as 
turbulem  flows  are  extremely  sensidve  to  inlet  boundary 
condidons.  Also,  as  suggested  by  Strahle  and  Lekoudis  (1985), 
modeling  codes  require  the  specidcadons  of  inlet  or  starting 
condidons  to  inidaie  predicdons  of  flow  development  downstream. 
Finally,  the  importance  of  inlet  boundary  condidons  to  numerical 
simuladon  of  combustor  flows  is  very  elegandy  demonstrated  by 
Sturgess  et  al.  (1983).  For  these  reasons,  we  begin  by  providing 
turbulence  properties  in  the  inlet  plane  of  the  conical  bluff  body. 
Lack  of  space  precludes  us  dom  presenting  ail  our  data. 
Therefore,  only  selected  data  that  are  relevant  to  the  discussion  of 
recirculation  zone  structure,  effect  of  confincinent,  and  combustion 
generated  turbulence  are  presented. 

1  Inlet  Boundary  Conditions.  Figures  2a  and  2b  show  radial 
profiles  of  mean  and  turbulence  quantities  in  the  axial  plane  x/d  = 
0.05  (x  B  2.25  mm)  respectively.  This  plane  is  so  close  to  the  base 
of  the  bluff  body  that,  as  seen  in  Fig.  2a.  the  axial  mean  velocity  is 
negligibly  small  in  the  recirculation  zone  (r/d  <  0.5)  and  rises 
rapidly  to  UAl  *  1  beyond  r/d  >0.5.  Also,  the  axial  turbitience 
intensity  has  vAue  close  to  approach  turbulence  value  of  u'/U  => 
4%,  but  the  radial  turbulence  intensity  v'/U  is  signiftcandy  hig^ 
and  dominates. 


Fifmc  2Ui0«t radial  pnfiles  uf  Rfvaol^ihfar  sMss, 
skawueaa  S(»  u /(iT)^  and  kunosis  K(»  u  KitV-i)  of  •«ial 
uatociiy  fluauadoM.  The  EaynaUa  shear  smess  suachas  a 
■aaiiMi  value  ia  the  nuxiag  lugiou  anumd  the  oaaical  iiahiherr. 
Vaiuu  til  mi  K.  were  respectively  lower  dua  aad  higAar  dna 
aare  in  the  hot  sacireulatmy  flow,  but  tend  to  zero  in  the  annular 
stream  bocauae  of  the  small-scale  sncaae  of  the  incoming 
tieestream  aahulcncc.  Note  that  for  this  confuted  flame,  no 
narrow  peaks  ar  nansieat  dips  could  be  observed  as  was  the  case 
for  the  open  flame  (sac  Ballal  et  al.  1989,  Figs.  3a  and  3b). 


Fig.  2  Measurements  of  inlet  boundary  flow  conditions  at  U  =20 
m/s.  4  >  0.65,  and  (x/d)  =  0.05;  (a)  profiles  of  mean  ar&  rms 
turbulence  velocities;  (b)  profiles  of  Reynolds  shear  stress, 
skewness,  and  kunoeis. 


2  Axial  Pressure  Distribution.  When  the  combustion  process 
is  confined,  it  accelerates  the  incoming  isothermal  flow  and 
decreases  wall  static  pressure.  Figure  3  shows  the  measured  axial 
wall  pressure  gradient  dP/dx  in  our  combustor  for  isotheimal  and 
combusting  cases.  A  negative  value  of  dP/dx  suggests  flow 
acceleration  and  this  is  found  to  be  the  case  for  combusting  flows. 
Ftx’  isothermal  flow,  deceleration  sets  in  beyond  x/d  «  0.7  which 
cotiispmKla  to  a  miniinum  value  of  C  or  the  location  of  maximum 
recireulatioo  zone  width.  Hnally,  thf  maximum  positive  value  of 
dP/dx  is  generally  associated  with  the  location  of  the  rear 
sagnation  point  Therefore,  the  dau  presented  in  Fig.  3  gives  the 
reciicttiation  zone  length  as  l.Sd,  1.7d.  and  l.6d  for  iaochcrmal. 
confined  lean-combusting  (4  =  0.65),  and  confined  stoichiometric- 
combusting  (4  =  1)  flows  respectively. 
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(1/d) 

Fig.  3  Oxnbustor  wall  pressure  gradients  at  U  >=10  m/s  in 
(Xmfined  isolhennai  and  combusting  flows. 


3  Redrcuialion  Zone  Paraimters.  The  size,  shape,  and  mean 
flow  structure  of  the  recirculation  zone  may  be  determined  by 
calculating  the  spatial  distribution  of  the  mean  stream  function  y 
from  the  equation; 

y-  p  Urdr  (1) 

Also,  knowing  the  value  of  C  .  ,  we  can  derive  the  maximum 
width  W  of  the  recirculation  zcSieu: 

W.R(1-((1-BR)/(1-C _ (2) 

paimn 

From  equation  (1),  the  ratio  of  reverse  to  toul  mass  flow  rate  rh  /th 
was  cakulaied.  This  ratio  represents  the  recirculation  strength. 
Figure  4  shows  a  sketch  of  the  recirculation  zone  which  appears 
similar  to  an  ellipsoid  of  revolution.  Table  I  lists  the  various 
recirculation  zone  parameters  for  confined  cold  tlow,  confined 
flame,  and  open  flame  respectively. 


Hg.  4  Sketch  of  the  recirculation  zone  in  a  confined  combusting 

flow. 


In  Table  I,  the  recirculation  zone  is  more  elongated  in 
combusting  as  opposed  to  isothermal  flows.  This  is  consistent  with 
the  findings  of  Winterfeld  (1965).  A  physical  explanation  is  that 
acceleration  of  flow  throughout  the  combustor  together  with 
prevention  of  mean  streamline  curvature  by  the  confining  walls 
causes  the  flow  to  better  overcome  the  adverse  pressure  gradients, 
thereby  producing  an  elongated  recirculation  zone.  On  the  other 
hand,  confined  combustion  always  produces  a  certain  positive  back 
pressure  and  this  keeps  the  length  of  the  recirculation  zone 
somewhat  shorter  in  confined  than  in  open  flames.  Large  mean 
streamline  curvature  and  turbulent  dilatation  in  open  flames 
produce  the  widest  recirculation  zone.  The  recirculation  strength 
of  the  cold  confined  flow  is  highest  principally  because  of  higher 
gas  density,  even  though  the  reverse  mean  flow  velocity  is  highest 
in  confined  flame.  Finally,  in  an  open  flame,  large  streamline 
curvature  more  than  compensates  for  any  damping  of  mrbulence 
by  dilatation  and  generates  larger  axial  and  radial  turbulence 
intensities  and  turbulent  kinetic  energy  as  compared  to  confined 
flows. 


Table  1;  Recirculadon  zone  parameters. 

Conical  Stabilizer 


e 

=  45° ,  BR  = 

25%,  0  =  0.65,  Re_,= 
d 

5.7  X  lo'^ 

Confmed 

Confmed 

Open 

Cold  Row 

Rame 

Rame 

(L/d) 

1.5 

1.70 

1.85 

(W/d) 

0.55 

0.58 

0.65 

(U  AJ  )* 
r  a 

-0.24 

-0.40 

-0.30 

(m/irij) 

0.20 

0.13 

0.10 

(u/U^ 

0.3 

0.24 

0.32 

(V/U^ 

0.26 

0.17 

0.28 

(q /q) 

1.0 

0.64 

1.12 

*  at  x/d  =  0.8,  r/d  =  0.3 


4  Turbulence  Properties.  As  illustrated  in  Fig.  4,  the 
recirculation  zone  causes  flame  stretching  in  the  axial  plane 
corresponding  to  its  maximum  width  and  in  the  vicinity  of  the  rear 
stagnation  point.  For  our  confined  flame,  these  two  locations  are  at 
x/d  s  0.8  and  1.7  respectively.  Therefore,  we  present  and  discuss 
data  on  turbulence  properties  at  these  locations. 

(a)  Region  of  Maximum  Recirculation  Zone  Width.  Figure  Sa 
shows  profiles  of  centerline  mean  and  rms  velocity  fluemations. 
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Note  that  the  mem  reverse  velocity  and  axial  niibulenoe  inteuity 
have  maximum  values  in  the  axial  plane  coirespondinf  to  the  first 
location  of  the  flame  stretch.  At  the  stagnation  point.  UAJ  =«0and 
both  axial  and  radial  turbulence  intensities  are  signiftcant  ae 
expected. 

Bgure  3b  shows  radial  profiles  of  u'/U  ,  u'/v',  S,  and  K  in 
the  axial  plane  of  maximum  lecirculadon  zone  width,  x/d  -  O.t.  It 
is  observed  that  axial  turbulence  intensity  is  fairly  constmt  wiihia 
the  recirculation  zone  and  reaches  a  maximum  value  of  2S%  at  r/d 
«  0.43,  very  close  to  the  stretched  flame  surrounding  d» 
recirculation  zone.  Qose  to  this  location,  the  reactive  flow  has  a 
highly  skewed  turbulence  structure  (note:  S  «  O.t  and  K  ■  -0.7), 
presumably  due  to  the  presence  of  a  large  scale  eddy  formsd  in  dre 
mixing  layer  around  the  highly  strained  flame  region.  Also,  noK 
that  the  axial  turbulence  intensity  domiiuues  in  the  flame  rtgioa. 

(b)  Stagnation  Point  Region.  The  exact  location  of  the 
stagnation  point  is  very  difficult  to  assess.  This  is  a  small  region  in 
which  the  flow  direction  is  quickly  reversed,  the  fluid  paicels  are 
snetched,  and  strong  gradients  of  mem  and  turbulence  quamities 
are  inesent.  A  simple  way  to  ascertain  the  location  of  the 
stagnation  point  is  to  seek  a  common  location  at  which  axial  and 
radial  velocity  profiles  cross  and  chmge  sign.  However,  a  mne 
definitive  way  to  establish  the  location  of  the  stagnanon  point  is  to 
seek  the  maximum  local  value  of  u*/U.  These  criteria  were 
combined  to  pinpoint  the  exact  mean  location  of  the  stagnatkxi 
point  at  x/d  -  1.7  and  r/d  0. 
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Hg.  3  Measurements  of  turbulence  properties  at  U  ^  20  m/s,  4  « 
0.63,  in  the  region  of  maximum  recirculation  zone  width  (x/d)  > 
0.8:  (a)  cemerline  profiles  of  mem  and  rms  velocity  fluctuafions; 
(b)  radial  profiles  of  axial  turbulence  intensity,  anisotropy, 
skewness,  and  kunosis. 


Rfures  da  and  6b  show  wshukiicr  propetiiet  in  the  vicimiy 
of  the  stagnation  poiiu.  In  Rg.  6a,  positive  axial  velocity  is  found 
beyond  r/d  «  0.3.  This  sitggssis.  and  visual  obscrvaMiu  confirm, 
•he  naciang  dawn  of  die  flame  a  dre  viciniiy  of  the  stagnation 
poioL  The  axial  turbulence  intensity  has  a  peak  value  of  almosi 
23%  at  i/d  «  0.3  in  this  second  flame  anctch  region.  Finally,  and 
M  would  he  cxpectad,  the  fleyaolds  shear  saesses  change  sign 
abom  half-way  (at  r/d  «  0.13)  betwom  the  centerline  and  the  flame 
nerhing  down  location. 

Rgure  6b  illustrates  the  naive  ttf  luthuicnt  flow  in  the 
vicinky  of  the  mgiieiinn  pnim  via  plms  of  u'/v',  S.  md  K. 
Inapsedaa  of  (a'/vO  dare  inmredimsiy  revests  that  marked 
mimreapy  ef  aehnlencc  peavaili  in  the  reginn  around  the 
stagnation  poim.  Moseover.  the  radial  turbukaoe  component  is 
dnmiaam  in  the  zone  between  the  centertine  and  the  flame  necking- 
down  regioo,  i.  e.,  t/d  V  0  to  0.3.  Also,  peaks  in  skewness  and 
kunosis  profiles  are  evidem  areund  t/d  "  0.3.  Sueh  peaks  cm  also 
arise  due  to  flow  unsteadiness,  and  spectral  analysis  may  be 
required.  Nevettheless,  it  is  ippamm  that  the  tuibnlenoe  struaure 
is  disiened  ia  the  cotabusnag  flow.  This  observation  differs  from 
the  expariaaeats  of  Stamar  and  Bilger  (1980)  who  found  that  the 
structure  parameters  were  essentially  the  same  for  both  isathennal 
and  reacting  flows  for  a  jet  diffusion  flame  widi  axial  pressure 
gradient. 


Fig.  6  Turbulence  properties  for  U  -  20  m/s.  6  «  0.63,  in  the  rear 
stagnation  point  region  (x/d)  »  l.'f  (a)  profiles  of  aoem  and  rms 
velocities,  md  Reynolds  shear  stresses;  (b)  profiles  of  anisotropy, 
skewneu,  and  kunosis. 
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Further  Discussion 

In  this  section,  we  briefly  discuss  three  issues:  (t)  the  effect 
of  wall  confinement,  (ii)  the  nature  of  flame  reaction  zone,  and  (iii) 
combustion-generated  turbulence. 

(i)  li^Uunce  o/ Wall  Cor^inement.  A  bluff  body  confined  in 
a  pipe  not  only  produces  a  geometric  blockage,  but  also  an 
aerodynamic  blockage  corresponding  to  the  deflection  of  the  mean 
separation  streamline  from  its  trailing  edge.  Wall  confinement 
prevents  any  significant  deflection  of  mean  flow  streamlines  and 
also  produces  flow  acceleration  to  elongate  the  recirculation  zone. 
Consequently,  in  confined  flames,  the  production  of  TKE  is  by  the 
inteiaction  of  Reynolds  stress  and  shear  strain,  i.  e.,  via  the  term  uv 
dU/dr,  and  therefore  restricted  to  the  shear  layer  surrounding  the 
maximum  width  trf  the  recirculation  zone.  If  the  wall  confinement 
is  removed,  only  turbulent  dilatation  and  mean  pressure  gradients 
(i.  e.,  normal  and  not  Reynolds  stresses)  would  contribute  to  TKE 
production.  An  increase  in  aerodynamic  blockage  (say  by 
increasing  geometric  blockage)  decreases  the  angles  of  the 
streamline  at  the  baffle  trailing  edge.  It  also  brings  streamlines 
closer  to  the  walls.  Both  these  effects  contribute  to  decreasing 
streamline  curvature  and,  as  shown  by  Winterfeld  (196S).  produce 
increased  length  and  decreased  width  of  the  recirculation  zone. 

(ii)  Turbulent  Flame  Region,  it  is  important  to  examine  the 
flame  regkm  surrounding  the  recirculation  zone  particularly  in  a 
confined  flame.  This  is  because  this  region  produces  both  TKE 
and  heat  release.  Accordingly,  Fig.  7  shows  plou  of  the  ratio 
turbulent  shear  stress  to  kuretic  energy,  a  >  u7/q,  and  values  of 
SU/St  at  each  location.  It  is  observed  that  (a)  both  positive  and 
negative  values  of  Reynolds  stresses  can  be  found  in  die 
combusting  recirculation  zone,  (b)  values  of  coefficient  a  lie 
between  -0.3  and  0.3;  and  therefore  are  close  to  values  expected  in 
"normal"  shear  layers  as  suggested  by  Btadshaw  et  al.(1967)  and 
Harsha  and  Lee  (1970),  (c)  in  almost  all  of  the  flowfield,  the 
Reynolds  stresses  (or  a)  have  sign  opposite  to  that  of  5U/6r,  i.  e., 
the  conventional  gradient-diffusion  turbulence  modeling  which 
employs  the  eddy  viscosity  closure  assumption  -puv  >  D  dU/dr 
may  be  successful  to  the  extent  of  predicting  velocity  flowfield. 


I/* 

Fig.  7  Radial  profiles  of  (dWq)  and  8U/tr  at  >  20  mfs,  b  * 
0,63,  iliusaatinf  the  validity  of  the  grediem-diflusion  relationship 
in  tutbulmt  combusting  flows. 


In  confined  turbulent  reactive  flow.  Shepherd  ei  al.  (1982) 
have  reported  counter-gradient  diffusion  of  turbulent  heat  fluxes. 
In  confined  flows  involving  significant  heat  release  and  large 
density  fluctuations,  counter-gradient  diflusion  arises  because  low 
density,  fully  burned  products  of  combustion  are  preterentially 
accelerated  by  the  pressure  gradient  in  comparison  with  high 
density  unburot  reactants.  Thus,  turbulent  transport  is  influence  by 
preferential  diffusion  in  addition  to  conventional  eddy  diffusion. 
Now,  in  a  confined  rccirculatory  reactive  flow,  this  situation  is 
further  conqilicated  because  the  mean  axial  pressure  gradient  is 
favorable  in  the  outer  flame  zone  (r/d  >0.S)  but  adverse  inside  the 
ledrculation  region  (r/d  <  0.3).  Therefore,  detailed  measurements 
of  nirbulent  heat  fluxes  uT  and  vT,  and  mean  temperature  gradients 
dT/dx  and  dT/dr  are  required  to  examine  this  flowfield  fully. 

(iii)  Combustion-Generated  Turbulence.  Combustion  affects 
the  turbulent  flowfield  in  a  variety  of  ways.  Ballal  (1988)  has 
stated  that  turbulent  dilatation  and  viscous  dissipation  processes 
suppress  flame  turbulence,  whereas  turbulent  advection  and  shear¬ 
generated  turbulence  will  augment  flame  turbulence.  Depending 
upon  which  processes  dominate,  combustion  will  either  produce 
additional  so-called  combustion-generated  turbulence  or  damp 
existing  isothermal  turbulence. 

Figure  8  shows  radial  variation  of  ratio  (q  /q)  at  two  different 
axial  locations.  Geaiiy,  the  TKE  is  lower  by  as  much  as  70%  in 
the  combusting  flow  than  in  cold  flow.  This  result  suggests  that  a 
minimum  shear-generated  turbulence  is  produced  because  wall 
confinement  prevents  deflection  of  mean  flow  streamlines  and 
produces  extremely  low  streamline  curvature.  In  the  absence  of 
this  strong  turbulent  production  mechanism,  the  processes  of 
turbulent  dilatation  and  viscous  dissipation  take  over  to 
significantly  damp  cold  flow  turbulence.  We  believe  that  an 
oblique  flame  of  fast  burning  mixtures  e.  g.,  or  stoichiometric 
combustion  when  confined  in  a  duct  may  generate  enough  shear  to 
overcome  the  damping  of  turbulence.  In  Fig.  8  note  that  where 
shear  is  prominent  e.  g.,  at  r/d  =  0.4S,  and  0.2  for  x/d  =  0.8  and  2 
respectively,  the  TKE  ratio  does  increase. 


Fig.  8  Radial  profiles  of  (q^/q)  at  =  10  m/s,  b  =  0.65,  illustrating 
the  influence  of  combustion  on  turbulent  kinetic  energy  in  a 
confined  recitculatory  flow. 
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From  his  studies  of  combustion-ieneraied  turbulenoe.  BtUal 
(1986)  derived  simple  fwmulae  to  estimate  the  mafnitudes  of 
shear-generated  turbutence,  turbulence  dilatation,  viscous 
dissipation  and  turbulent  advecdon.  For  the  confined  flame  studied 
here.  1755  K and T  =  295  K, so  x  =  (T,-T  )/T  -5.0.  So. 

I  U  I  u  u 

we  can  calculate  that  the  magnitude  of  suppression  due  to  turbolem 

dilatation  =  55%  and  that  due  to  viscous  dissipation  =  24%,  L  e.. 

total  suppression  »  79%.  However,  in  Hg.  8,  at  x/d  *  0.8,  the  TKE 

in  the  combusting  flow  is  lower  by  70%  in  the  recirculation  zone 

(r/d  <  0.4)  and  lower  by  60%  in  the  vicinity  of  the  flame  flooL 

Thus,  the  total  turbulence  production  (shear-generated  turbulence  + 

turbulent  advecdon)  in  these  two  regions  can  be  esdmated  to  be 

about  9%  and  19%  respecdvely.  Likewise,  at  xyd  =  2,  the  total 

turbulence  producuon  is  up  to  26%  downstream  of  the  rear 

sugnadon  point.  These  esdmates  show  that  the  ratio  of 

producdon/supprcssion  of  nubulence  varies  between  12%  to  33% 

in  our  fuel-lean  (4  =  0.65)  high-speed  confined  flame. 

Concluding  Remarks 

The  following  observations  summarize  our  studies  of 
turbulent  combusdon  propetdes: 

(1)  Combustor  wall  confinement  elongates  the  recirculation 
zone  by  13%  over  cold  flow  and  nanows  it  by  12%  over  an  open 
flame.  Also,  mean  reverse  flow  velocity  and  hence  also  the 
recirculated  mass  flow  increase  by  30%  over  their  corresponding 
values  in  open  flame. 

(2)  Flame  confiik..  cm  prevents  mean  streamline  curvature. 
In  such  flows,  turbulence  production  is  principally  due  to  shear 
stress-mean  strain  interaction.  In  contrast,  for  open  flames,  normal 
stresses  and  dilatation  dominate. 

(3)  Two  regions  of  highly-strained  flames;  one  in  the  axial 
plane  of  maximum  recirculation  zone  width  and  other  around  the 
stagnation  point  are  observed.  A  significant  distortion  of  turbulent 
flow  structure,  as  shown  by  high  values  of  skewness  and  kunosis, 
wu  evident  in  these  regions. 

(4)  The  flow  enveloping  the  recirculation  zone  resembles  a 
notmal  mixing  layer,  i.  e.,  a  =  -*0.3  to  -0.3  and  gradient-diffusion 
closure  for  velocity  holds.  However,  and  in  the  absence  of 
turbulem  heat  flux  data,  counter-gradient  diffusion  cannot  be  ruled 
out 


are  iiUabied  lo  Dr.  W.  M.  Inqin—w,  the  Air  Faroe  Technical 
Monitor,  for  hit  interest  and  helpful  discussions  during  the  course 
of  this  work. 
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Detailed  inftnnaiwo  oo  the  iafhienoe  of  teomeak  and  fk>^ 
pmoMen  on  the  sBucnne  and  impatiBS  of  lediciitatiDo  zone  in 
mBttnwt  flows  is  oot  evaiUUe.  la  this  paper,  ledr- 

/•.iiMiw  ftnictiiiB  and  turtwleace  propesiies  of  oetbaae-air 
mixtiaes  downstream  of  several  conical  flameholdert  srere 
measured  usiiig  LDA.  Hiese  tests  employed  different  blockage 
redos  (13«  and  25%).  cone  angles  (30. 43, 60.  and  90  degrees), 
aqmvalence  redos  (0J6,  0.65,  OJ,  and  0.9),  mean  aimolar 
veloddes  (10.  15.  and  20  n^),  and  approach  mrtaalBOce  leveU 
(2%.17«.Md22%). 

It  was  found  that  increasing  the  blockage  redo  and  cone 
ngle  affected  the  recnculadon  sane  tire  and  shape  only  slightly. 
Alsok  dwf*  paramews  increased  the  shear  stress  and  turtHilem 
kinetic  energy  (TKE)  moderuely.  Increasing  the  equivalence  ratio 
or  approach  anbulenoe  intensity  produced  a  rediculation  zone 

very  to  that  found  in  the  coU  flow.  TKE  decreased 
due  to  turbulent  Hiiwiinw  produced  by  increased  heat  release. 
These  observations  are  discusied  from  the  viewpoint  of  their  im- 
pif^—nnin  ptwaieal  derign  and  comhnsrinn  mndeline. 


BR  *  blockage  redo  2 

C  >  pressure  coefiideiK  (npAlJ  pU^) 

d^  •  base  diaiaeter  of  conical  siabiliaer 

I  ■  approach  axial  nobnlenoe  iniensity 

L  -  length  of  the  recircnUtian  zone 

p'  ■  static  pressure 


q  >  turbulent  kinetic  otergy  (TKE) 

r  B  radial  directioo 

S  *  flame  burning  velocity 

T  *  temperature 

U.V  B  mean  velocities  in  axial  and  radial  direcdoiu 
u,v  B  fluctuating  velociiies  in  axial  and  radial  ditecnons 

iff  B  Reynolds  shear  stress 

X  B  axial  directioo 

S  B  flame-fiom  thickness 

I  B  turbulence  integral  scale 

4  «  equivalence  ratio 

v  B  kinemaitc  viscosity 

A  B  cone  apex  angle 

p  B  density 

t  B  heat  release  parameter,  (T^-T^n'^) 

Snpcncripts 
~  B  mean  value 

’  B  tins  value 

*  B  density-weighted  value 

Snbacripts 

a  B  annular  flow 

f  B  flame 

1  B  t«min«r 

0  B  unbutned 

t  B  total,  turbulent 

falrodnction 

Bluff  body  flaroeholders  ate  used  in  ramjet  engines,  afierbuttKrs, 
and  many  other  combustioo  systems  to  maintain  a  steady  flame  in 
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a  tMk-iTMd  iwMem  coabuttible  nuune.  Tit  flaai  ii  Mbi- 
lia4  by  tbt  iwarailMiM  am  ConMd  it  ibt  inka  «r  lit  bliff 
bMly.  Tlis  miRiilate  am  piqvMh  loH  mUnfit  im 

comiBuous  ifnitkn  awrce  for  flame  pmpafaooii  imo  da 
flesh  mixture.  Thus,  the  size,  shape,  and  nirbulenoe  chancarisiics 
of  da  recirculation  axa  are  crucial  for  fUme 

The  combustioo  peifonuacc  of  the  afleibunar  depends  ^on  the 
teometry  and  mixture  charactoistics  of  the  flow.  Flanaboldaa. 
such  u  a  cone  or  a  voe  gmar.  inooduce  an  ma  blockafe  in  the  af- 
arbuiuer  pipe  which  creaas  pressure  drop  and  redrcidatory  flow 
in  the  wake  of  the  bluff  body.  The  apex  angle  of  the  bkiff  body 
catises  parallel  streamliaes  of  da  ingnming  floi^  m  curve  and  in- 
cieaae  the  aetodynmic  width  of  da  naiKalaim  ma.  Tins, 
blockage  rado  (BR)  asd  apex  angle  (•)  affect  ftameholdiag.  Also. 
iiifiiming  mixture  velocity  fU)  and  tnrtMilenoe  intensity  (I)  in¬ 
fluence  flame  bedding  by  entraining  da  combustion  with 
flesh  auxtuiB.  Finally,  a  comkanation  of  air  loaiUng  poramear 
(ALP)  and  mixture  equivalence  lado  (4)  the  width  of 

the  combustion  sabihiy  hmits.  In  this  manner,  da  five  paiameten 
BR.  e,  U,  I,  and  4  play  an  important  loie  in  the  design  and  peifor- 
tnance  of  practical  afterburner  flanahoiders. 

Detailed  informatian  on  the  influence  of  geometric  and  flow 
parameters  on  the  structure  and  properties  of  rccitculation  ana  in 
confined  cottdmstmg  flows  is  scanty.  Winatfeld  (1963)  sttnfled 
combustion  behind  flanahoiders,  but  did  not  measure  iny  tur¬ 
bulence  propenies.  Rizk  snd  Lefebvre  (1986)  investigated  da 
infhatae  of  BR  and  0,  but  only  for  isodannal  flows.  Heitor  et  sL 
(1988)  examined  velocity  and  scalar  chatacteiiatics  but  mosdy  for 
a  confined  disk-stabiUzed  flame,  and  Fujii  and  Eguchi  (1981) 
provide  a  comparison  <rf  cold  and  reacting  flow  tmbulence 
propenies.  also  for  a  single  flanaholder  only.  As  pointed  out  by 
Moreau  et  aL  (1987),  da  available  data  provide  only  hmiied  infor¬ 
mation  about  bluff-body  flame  wiHiiT«w«»ii 

In  a  previous  paper,  Pan  et  aL(1990)  examined  the  turbulence 
propenies  of  confined  conical  stabiluen  in  a  combusting  flow. 
Measurements  of  turbulent  velocity  fluctuations  such  as  mean  and 
niB  values,  skewness  and  flatness  flaton,  Reynolds  shear  stresses, 
and  axial  mean  preasure  gradients  were  reported  and  dau  inter¬ 
preted  to  elncidaa  recirculation  zoia  structure,  effects  of  flow 
oonfineiiant,  and  da  role  of  coadnadoo-geneiaad  turtwlence. 
The  objectives  of  this  work  were  (i)  to  investigate  da  influence  of 
ftomeanc  perameien  BR  and  8,  and  flow  paiamean  U.  L  aiM  4 
on  da  recirculaiion  zone  ssucture  and  da  tuthulence  prapetdet 
widdn  and  mrrounding  this  zone,  and  (Ii)  to  provide  betah-marfc 
quality  dau  let  for  evaluating  and  refining  computer  models  used 
for  the  design  of  UidT  body  flameholdere  in  practical  afterbunars. 
The  pteaeot  woik  fills  a  haig-oveidia  taed  far  detailed  informa¬ 
tion  OB  da  Mfluence  of  pnrametric  variatians  on  redrculatian  zone 
swatare  and  turbutence  properties. 


Ii^iHMMWnrfc 

1  Tau  Hr.  Figure  1  daws  da  test  fig  employed  for  dale  experi- 
■anis.  Several  stainless  steel  conical  flame  subilizen  were 
aMBufacand  wrludtng  two  baae  duneien.  d  ■  4.44  cm  and  3.18 
cm  renpandiH  »  da  Virhap  laiiM  BR  >  23%  and  13% 
reapactiwaly. aiM fanri^  ihIm.  •  •  3d. 43, 40  md 90 dagrern. 

cm  ait  Mcdan  with  immdad  aanin  which  hat  four  3.64  cm  x 
23.4  cm  ont-nmi  for  qtanx  windowt.  This  tea  secdon  was 
tMumad  an  a  mrdcal  oamhmdau  uaaal  widk  a  tham-aaii  nvets- 
mg  mmtbamm  iiinabii  by  BMW  at  M.  (1917).  Diffonm 
■abnliMi  gdda  muM  ha  imaMd  u  3.8  cm  apmauu  of  da  base 
of  dm  omion)  Uuff  body.  Maammaana  of  tutbulaaec  quanddes 

coafiiad  conical  flame  stabilizer  by  using  a  tww-componam  L««er 
Doppler  Ammomeai  (LOA)  and  a  pneisioo  atenmmomear 
Rspectnely. 


MixTunc 

Fig.  1  iSrbrmnHi  diagram  of  tbe  oaafiaed  flmaa  Mabdimr  lad 

— - 


2  Flew  CaadWaa.  In  dam  experinantt,  f— mnthinr  ar 
flamm  were  studied.  The  mem  annular  veloddes  were  10,  IS,  and 

20  whic^  covered  a  lange  of  Reynolds - *—  from  Re  « 

3x10  to  6x10  .  Zukoaki  md  Marble  (1933)  hav«  poimed  out  1^ 
tbe  bluff  b^  wake  region  becomes  fully  nabulcm  when  Re  ■ 
U^tVv  r  10  .  Four  different  equivalence  11001,0.36.0.63.0.8,(^9 
were  tested,  corresponding  to  adiabatic  flame  umprrinaci  of  1390 
K.  1733  K.  1990  K,  and  2130  K  reqaedvely.  Tha  mlet  turtMlence 

iatemity  level  was  varied  from  2%  tn  22%  by  mbw  Wfoaent  pidi. 
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9  LOA  limniniiUHaii.  A  iwo-componem  LDA  lystem  wu 
oed  for  all  vdodiy  measutcmeau.  Esiennally,  this  insmunent 
uaes  polarianoii  sepandon  of  the  two  channels  and  is  an  upgraded 
and  refined  version  of  the  LDA  system  used  by  Ballal  et  al.  (1989). 
The  LDA  system  parameters  are  listed  in  Table  1. 

Principally,  this  instniment  incorpotaies  Bragg  cell  fiequency 
shifting  for  measurements  in  a  rediculatoty  flow,  a  unique 
coinddenee  circuit  for  rapid  acquisition  of  valid  data,  software  to 
fiber  spurious  signals,  for  exanqde,  due  to  seed  agglomention,  and 
a  correction  siditoatine  to  account  for  the  LDA  signal  biasing  ef¬ 
fect  in  combusting  flows.  A  fluidized  bed  seeder  was  used  to 
iqjcct  sidxnicrDn  sized  ZiO^  seed  panicles  into  the  flowing  com¬ 
bustible  mixtute.  Scattered  signals  were  detected  by  TSl  Counter 
Processors  (CP)  and  processed  by  our  custom-designed  software 
which  calculates  intensity,  shear  stresses,  higher  moments 
(skewneu  and  kunosis),  and  pdfs.  Typical  sampling  rates  for 
LDA  measaremeais  exceeded  1  kHz  for  both  isothermal  and  cmn- 
butdag  flows. 

4  Error  Anal  yds.  Both  the  fuel  flow  and  airflow  were  momiored 
by  separate  electiooic  flow  control  units  to  ±  0J%  and  i 
raapactively.  The  combined  error  produced  an  uncertainty  of  ± 
13%  in  eqnivaleace  taba  The  primary  source  of  error  in  LDA 
ffleasutemeat  is  the  atatiitical  bias  of  the  final  measured  velocity 
mwards  higher  mess  flux  (velocity  x  density)  when  number- 
sreighiBd  averages  are  used  to  calculate  staiiooary  stadstks.  Chen 
arut  Lightttian  (1985)  and  Glass  and  Bilger  (1978)  have  discussed 
Has  oonectiaa  schemes.  After  allowing  for  this  bias,  we  estimated 
dial  for  the  single-siream  seeding  and  relatively  high-sanqtUng 
rates  of  our  experiments,  the  uncertainty  in  the  measuremem  of 
aaaan  velodiy  wu  1%  and  for  rms  vektciiy  5%.  Ncv  the  flame 
ftont,  where  intemiiiieacy  would  be  much  Ugber,  the  uncertainty 
in  ims  velocity  could  be  greater  than  7%.  The  long-term 
repeatability  of  measuremenu  wu  found  to  be  within  5%  for  nir- 
hulencn  quantiites. 


Ow  nirbulence  measuremeno  encompassed  a  large  test  matrix. 
AD  them  data,  which  may  be  used  for  evaluating  and  refining 
models  of  tuibideat  combustini  tedrculatory  flows,  wiU  be  avail- 
abh  in  a  squrau  repon  (Pan  el  aL  1990)  .  Lack  of  space 
piacludu  w  fttn  presenting  aU  our  data  (for  example,  increasing 
umb  vclociiy  above  13  nM  did  not  reveal  any  significam  dianges 
fat  dtt  recirculation  nne  and  hence  these  resnia  ate  not  shown 
here).  Thenfore,  only  ulected  data  that  iUnstme  the  influence  trf 
puamwric  variation  on  mean  flow  field  and  turbulence  properties 
are  pwismed  and  discussed  below. 


Table  1: 2-compoiienl  LDA  system  parameten 


15  W  Argon-i^  laser  wavelength 
Laserbeame  size 


li^ut  lens  focal  length 
Beam  intersection  half-angle 
Fringe  spacing 
LDA  measuring  spot  size 
Signal  collection  angle 
Collection  lens  focal  length 
PMT  pinhole  apenure 
Net  frequency  shift 
Seed  particles 
Seed  panick  size 


S14.5  nm 

1.58  mm 

350  mm 

2.88  degrees 

5.106  pm 

175  pm  X  1500pm 

93  degrees  forward 

400  mm 

200  pm 

5  MHz 

ZrO, 

97%  <  1  pm 


1  Mean  Flowfidd. 

Ingures  2-4  show  mean  velocity  and  axial  pressure  coefficient  for 
aU  the  conical  stabilizen  tested.  In  general,  the  mean  axial 
velocity  characteristks  of  Figs.  2a-4a  reveal  the  nuignitude  of  max¬ 
imum  reverse  velocity,  length  of  the  recirculation  zone,  and 
acceleration  of  products  due  to  combustion  downstream  of  the  rear 
stagnadoo  point.  Likewise,  the  pressure  coeflicients  plotted  in 
Hgs.  2b-4b  show  a  minimiiin  associated  with  the  maximum  width 
of  the  recirculation  zone,  a  favorable  pressure  gradient  correspond¬ 
ing  to  die  acceleration  of  imductt,  and  cold-flow  pressure 
lecovety  (Figs.  3b-4b)  downstream  of  the  recirculation  zone. 
These  trends  for  both  combusting  and  cold  (lows  tte  broadly  in 
agreement  with  the  put  work  of  Ballal  et  al.  (1989),  Pan  et  al. 
(1990)  and  Heitor  etal.  (1988).  However,  these  data  reveal  impor¬ 
tant  influencu  of  blockage  ratio,  cone  angle,  equivalence  ratio, 
mean  annular  velocity,  and  incoming  turbulence  level  on  the  mean 
flowfieU.  A  discussion  of  these  effecu  is  facilitated  by  identifying 
three  regions:  (i)  region  1  spans  the  axial  distance  between  the  base 
of  the  bluff  body  and  the  location  of  maximum  recirculation  zone 
width,  (ii)  region  2  covers  die  axial  distance  downstream  up  to  rear 
stagnadoo  point,  and  (iii)  region  3  is  downstream  of  the  rare  stag¬ 
nation  point 

(a)  Bhckagt  Ratio:  Figuru  2a-2b  show  the  influence  of  ap- 
pratimaiely  doubling  the  blockage  ratio,  BR  on  axial  mean 
velocity  and  pressure  coefficient  in  a  combusting  flow.  In  region 
1.  increase  in  BR  dccreasu  the  pressure  coefficient  For  regioo  2, 
we  observe  a  slight  decrease  in  the  recirculation  zone  length  with 
increasiiig  BR,  an  observation  in  line  with  the  results  of  Winietfeld 
(1965)  and  Wright  (1959).  FinaUy,  in  region  3,  the  accelentkm  of 
the  flow  is  lelativeiy  greater  with  higher  BR.  This  occurs, 
presumably  because  of  an  increase  in  the  dilatation  due  to  a  larger 
amount  of  heat  released  in  this  region. 
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2(a) 


Fig.  2  Veladty  aa^  prcsnre  cacflideiit  charactcrMici  gMtad 
ta  Ukatrale  the  infliwiice  af  btoduge  ratio  aag  caae  aagic  aa 
aiaaB  nowlicM.  All  mcasurcaicats  are  in  a  confined  conbiiit- 
ing  flow  (d  s  0.*5,  U  3  15  m/s):  (a)  centerline  mean  velocity,  (b) 
aaial  pressure  coeffiacnL 


Fig.3  Velocity  and  priisan  easWciant  sharartarlalim  plaited 
la  iflaatrate  the  iaflaanae  of  eguivolaaec  ratio  oa  aMoa  flaw- 
field.  Afl  measarsmiau,  eacept  aae,  are  ia  a  coafiaed 
caaihasting  flaw  (IR  s  25%,  0  3  45  degrees,  U  3  15  (a) 

ceatertiae  aiean  velodty,  (h)  axial  preaeure  caafl&ient. 


(b)  Cone  Angle:  The  effecu  al  cone  angle  on  mean  velocity  and 
presaiae  coefficient  are  also  demonstnied  in  Figs.  2a-2b. 
Inoeasinf  the  cone  angle  increases  the  defiectkxi  of  the  mean 
tepaiMinn  streamline  fitxn  the  sailing  edge  of  the  bluff  body.  As 
Lefebvre  (1913)  has  shown,  in  coU  flow,  this  increases  the 
aemfynamie  blockage  and  hence  also  the  redreulaiion  zone  width. 
In  region  1  of  the  confined  combusting  flow,  redreulation  zane 
width  increases  due  10  increased  streamline  curvature.  Also,  in 
region  2.  recirculation  zone  is  elongated  because  wall  confinement 
decreases  streamline  curvature.  The  net  effect  of  these  two 
changes  is  to  produce  a  slightly  larger  recirculation  zone  volinne 
nd  widen  the  flame  siabiliiy  limits.  However,  in  confined  flows. 


rigid  walls  accelerate  the  axial  velocity  ia  the  vicinity  of  the  flame 
and  this  may  adversely  aflect  flame  stabilization  with  funher  in¬ 
creases  in  cone  angle. 

(c)  Equivalence  Ratio:  Figwes  3a-3b  show  the  efEscts  of  eguiv- 
alence  latio  of  the  incoming  fresh  mixture,  4,  on  mean  velocity 
and  picssare  coefficient  An  increase  ia  4  from  0.56  to  0.90 
decreases  the  recirculation  zone  length  dramatically  frem  x/d  >• 
2.3S  to  1.32,  i.  e.,  slightly  shorter  than  that  found  in  the  cold  flow 
(xM  3  1.S2).  It  also  accelerates  axial  vekicitiet  ia  regian  3  u 
clearly  seen  in  Fig.  3b.  Both  these  effirets  are  a  result  of  increasing 
heat  release  nttes  and  higher  turbulent  flame  propagation  speed 
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165  I  Cotd 
5—  2% 

►—  22%  — O— 
►—  17%  — O— 


reciiculation  width  upstream  from  x/d  -  0.8  to  0.4.  It  also  shorter- 
the  length  of  region  2  from  x/d  -  2  to  1.1,  a  value  close  to  that  for 
cold-flow.  This  dramatic  change  in  the  structure  of  the  recircula¬ 
tion  zone  can  be  explained  by  recognizing  that  the  turbulent 
burning  velocity  of  the  flame  increases  with  an  increase  in  the  tur- 
bulence^ii^^sity;  for  example,  Lefebvie  (1983)  gives  =  ( 1  + 
(u'/Sj^)  )  -u’/Sj^forlargevaluesofu’/S^.  Thus,afive-orsix-fold 
increase  in  turbulent  burning  velocity  dramatically  reduces  the  size 
of  the  recirculation  zone.  In  region  3,  acceleration  of  products 
downstream  of  the  recirculation  zone  continues.  Similarities  be¬ 
tween  the  effects  of  increasing  equivalence  ratio  and  increasing 
turbulence  intensity  ate  very  evident  in  Figs.  3  and  4. 


0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  4.5 

X/d 


0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  4.5 


Fig.  4  Vdodly  and  promre  cocflldcnt  cfearacteilstks  plotted 
to  ilhMtratc  the  effects  of  approach  turbulence  intensity  on 
nwan  flowWeld.  Conpornana  between  oombvsting  (4  s  0.45) 
and  coM  flows  arc  shown  (BR  s  25%,  e  s  45  degrees,  U  =  15 
ni^):  M  centerline  mean  velocity,  (h)  axial  pressnre  coeflicient 


2  Turbulence  Flowfidd 

Figures  S-7  illustrate  the  turbulent  combusting  flowfield  in  and 
atoutKl  recirculation  zones,  produced  by  different  bluff  bodies  con¬ 
fined  in  the  test  section.  Each  figure  has  three  parts: 

(i)  The  recirculation  zone  structure  sketched  by  the  mean  flow 
streamlines  shows  not  only  the  width  and  length,  but  also  the 
reverse  velocity  flowfield.  The  location  of  zero  velocity  (eye) 
region  is  also  evident 

(ii)  The  contours  of  Reynolds  shear  stress  (uv7u'v’)  illustrate 
regions  of  maximum  shear  stress  and  locations  where  the  shear 
stress  changes  sigrt 

(ni)  The  TKE  contours  provide  infonnation  on  turbulence  produc¬ 
tion  due  to  normal  stresses. 

In  general,  strong  turbulence  activity  is  present  around  the 
periphery  of  the  recirculation  zone.  This  is  because,  in  confined 
flames,  the  production  of  TKE  is  by  the  interaction  of  Reynolds 
stress  and  shear  strain,  i.  e.,  via  the  term  uv  (dU/dr),  and  therefore 
generally  restricted  to  the  shear  layer  surrounding  the  maximum 
width  of  the  redrculation  zone.  This  observation  is  in  agreement 
with  the  results  of  Pan  et  al.  (1990). 


(Ihst  chetniitry)  brought  about  by  increasing  the  equivaience  ratio 
lowvds  sioichioniaty.  This  result  clearly  shows  bow  cootpact  the 
priawy  zoiK  of  a  gas  turbine  combusHr  can  be,  provided  it 
opezaies  at  or  near  stoichioiireiiic  equrvaknce  ratios.  It  also 
demonsmes  that  for  4  s  0.7S,  combuiiioa  is  kineticaUy  control¬ 
led  and  requaes  a  reciiculaiiaa  zone  of  size  larger  than  that  for 
cold  flow  to  stabilize  a  flame. 


It  is  also  found  that  in  these  confined  combusting  flows,  the  loca¬ 
tions  of  zero  soess  lines  do  not  coincide  with  those  of  zero  mean 
velocity  gradient  This  suggests  that  not  only  shear  stresses 
(produg^on  term)  but  also  normal  stresses  (dilatation  term  of  the 
form  u’  (dU/dr))  play  an  important  role  in  modifying  the  tur¬ 
bulence  flowfield.  The  influence  of  blockage  ratio,  cone  angle, 
equivalence  ratio,  and  inlet  turbulence  intensity  on  turbulence 
flowfield  is  now  discussed. 


(d)  Approach  Turbulence  Intensity:  Hguies  4a-4b  demonstrate 
the  influeaoe  of  increasing  the  approach  mixture  turbulence  inien- 
stey,  u'Al  Aom  2%  (no  grid)  10  17%  (grid  7),  to  22%  (grid  3).  In 
tngiosi  1,  increase  in  turbuienoe  shifts  the  location  of  maximum 


(a)  Blockage  Ratio:  A  comparison  between  Figs.  Sa  and  Sb 
reveals  the  effect  of  almost  doubling  the  blockage  ratio  (but  iruin- 
taining  the  same  value  of  U  >15  m/s)  on  the  recirculation  zone 
structure  and  the  surrounding  flowfield.  High  blockage  ratio  nar- 
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rows  the  width  of  the  annular  gaseous  jet  surrounding  the  bluff 
body.  Thus,  the  incoming  ffesh  mixture  behaves  moR  u  a  ihin  an¬ 
nular  jet  than  as  a  thick  jet  spreading  into  a  dump  combustor.  As  a 
consequence,  in  Fig.  Sb.  streamlines  around  the  recirculation  zone 
are  crowded  and  mean  velocity  gradient  increased,  particularly  in 
the  naiTow  r/d  =  0.43-0.55  tegion.  Also,  acceleration  of  gases 
produces  a  relatively  thin  flame  at  the  trailing  edge  of  the  bluff 
body.  However,  further  downstream,  L  e.,  x/d  >  1  (region  2),  rapid 
eiurainment  leads  to  a  thickened  flame  front. 

The  measurements  of  Reynolds  shear  soesses  and  TKE  in  Figs.  5a 
and  Sb  show  that  for  a  high  value  of  blockage  ratio,  both  shear 
stresses  and  TKE  are  sjnead  throughout  the  redrculation  zone 
(Hg.Sb)  rather  than  being  confined  to  a  narrow  region  suirounding 
it  (Fig,Sa).  This  may  be  a  consequence  of  high  spreading  rase 
(0.14)  of  the  boundary  of  thin  annular  jet  as  compared  to  0.09  for 
the  thick  jet  (see  Ribeiro  and  Whitelaw,  1980). 

(b)  Cone  Angle:  A  comparison  between  the  results  plotted  in  Figs. 
5b  and  5c  demonstrates  the  influence  of  increasing  the  cone  angle 
from  30  to  90  degrees.  A  larger  cone  angle  produces  a  radially 
outward  deflection  of  the  separation  streamline  at  the  trailing-edge 
of  the  bluff  body,  effectively  increasing  its  aerodynamic  blockage. 
This  causes  pinching  of  the  aruiular  gaseous  jet  at  the  axial  location 
of  maximum  recirculation  zone  width  (x/d  •  1).  Upstream  of  this 
location,  no  significant  effects  of  cone  angle  on  shear  stresses  or 
TKE  can  be  detected,  because  the  shearing  action  is  decreased. 
However,  further  downstream  (L  e.,  in  region  2),  the  TKE  appears 
to  be  concentrated  around  the  periphery  of  the  recirculation  zone. 
This  is  presumably  because  the  slight  elongation  of  the  recircula¬ 
tion  zone  in  this  region  shifts  turbulence  production  radially 
outward,  in  the  vicinity  of  the  flame  zone. 

(cj  Equivalence  Ratio:  Figures  6a  and  6b  show  measurements  of 
turbulence  flowfield  at  b  •  0.56  (T^>  1590  K.  t  >  4J)  cottespond- 
ing  to  lean  extinction  limit  and  at  b  >  0.9  (T*  2130  K.  x  >  6.3) 
close  to  sioichiaaevic  combustion  respectively.  Dramatic  changes 
in  the  mean  flow  structure  of  the  recirculation  zone  are  clearly  evi¬ 
dent.  principally  a  decrease  in  the  recirculation  zone  length  to  its 
cold  flow  value.  Due  to  increased  heat  release  rates  and  wall  con¬ 
finement  of  the  flame,  streamline  curvature  is  smaller.  Therefore, 
turbulent  dilaution  and  not  turbulent  shear  production  is  the 
dominant  process  in  these  experiments.  Thus.  TKE  is  significantly 
decreased  at  high  equivalence  ratios  as  evident  in  Fig.  6b. 

Another  effect  of  increasing  the  equivalence  ratio  is  that  it 
decztMes  reaction  dme  (S^/  ^)  or  increases  the 

Danakohler  number,  D  ■  (I  8^).  As  Bray  (1980)  has  staled 
and  McDannel  et  sL  (f982)  have  found,  premixed  flames  of  large 
Damkohler  number  produce  strong  scalar  (temperature  or  density) 
flnctuaiioiis.  Thus,  and  bearing  in  miiid  diat  the  dilatation  term 
domiaaies,  Reynolds  diear  stresses  are  not  altered  significantly. 


Fig.  5  Mena  low  stmctiiR,  ReynoMa  shear  atraaaas,  and  tnr- 
btiiaat  kiactk  energy  platted  la  Bhatratc  the  affaets  af 
blaefcage  ratio  and  cane  angle  an  tnrbuicnce  flaafiald.  AM 
tSMaanrenrenls  are  in  a  canfined  combusting  flow  (b  s  8,65,  U  s 
15  ai/s):  (a)  BK  =  13%,  •  =  38  dagreea,  (b)  Bit  -  25%,  •  «  ^ 
dagraas,  (c)  BR  s  25%,  t  =  98  digress. 


(d)  Approach  Turbulence  Intensity:  Figs.  Sb,  7a  and  7b  illustrate 
the  effect  of  increasing  the  approach  turbulence  inrensity  on  the 
turbulence  flowfield.  As  the  a^iroach  turbulence  inrensity  in¬ 
creases  from  2%  (Fig.  5b)  to  17%  (Fig.  7b)  the  recirculation  aooe 
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7(a) 


Fig.  6  Maaa  flow  itnicturc,  Rcjmolds  their  itrcMct,  and  tur- 
bolmt  Unetk  energy  plotted  to  Biustrate  the  effects  of 
equivalence  ratio  on  turbulence  flowfield.  All  measurements 
are  in  a  confined  combusting  flow  (BR  s  25%,  9  s  45  degrees, 
U  s  15  m^):  (a)  lean  extinction  limit,  4  s  0J6  (b)  near* 
stoichiometric  combustion,  4  a  0.90. 

length  decreases  dramatically  from  x/d  ^  2  to  x/d  >  1.2.  But,  fur¬ 
ther  increase  in  turbulence  intensity  to  22%  (Fig.  7a)  has  an 
insignificant  effect  as  compared  to  Fig.  7b.  This  dramatic  short- 
ening  of  the  recirculation  rone  length  shifts  regions  with  strong 
concentration  of  both  shear  stress  and  TKE  from  the  outer 
periphery  of  the  redrculation  rone  to  radially  inward  location 
around  rAI  ■  0.2.  The  magnitude  of  shear  stresses  is  about  the 
same,  but  the  TKE  ^>pean  to  be  slightly  higher  for  the  high  tur¬ 
bulence  case  ORg.  7a). 

Since  the  siae  of  the  combusting  recirculation  zone  in  Fig.  7b 
resendded  that  of  the  cold  flow  (see  Ballal  et  aL  1989),  measure¬ 
ments  of  cold  turbulence  flowfield  were  performed  for  grid  7. 
These  are  plotted  in  Hg.  7c  for  comparison  with  Fig.  7b.  Although 
the  mean  recirculation  zone  structure,  and  to  some  extent  the  shear 
stresses,  are  identical,  magnitude  of  TKE  in  cold  flow  is  much 
higher  than  in  combusting  flow. 


7(c) 


Fig.  7  Mean  flow  structure,  Reynolds  shear  stresses,  and  tur¬ 
bulent  kinetic  energy  plotted  to  illustrate  the  effects  of 
approach  turbulence  intensity  on  turbulence  flowfield.  All 
measurements,  except  (c)  below,  are  in  a  confined  combusting 
flow  (BR  =  25%,  9  s  45  degrees,  4  s  0.65,  U  s  15  m/s):  (a)  ap¬ 
proach  turbulence  intensity,  I  =  22%,  (b)  approach  turbulence 
intensity,  I  =  17%,  (c)  confined  cold  flow,  I  =  17%. 


The  above  observations  can  be  explained  by  recognizing  that  in¬ 
creasing  approach  turbulence  affects  the  flame  and  the 
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Rciiculation  zone  structure  in  two  different  ways.  Pint,  higher  tur¬ 
bulence  in  the  fresh  tnixTure  augtnems  turbulent  burning  velocity. 
This  increases  heat  release  rates  and  hence  also  the  turbulence 
dilatation  which  suppresses  TKE  in  combusting  flows.  Second, 
higher  turbulence  decreases  mixing  dme,  increases  entrainment  be¬ 
tween  the  fresh  mixture  and  the  flame,  i.  e..  the  flame  loading  is 
increased,  and  the  flame  front  is  thickened.  Thus,  combustion 
shifts  from  a  mixing-controlled  to  a  reacoon-conoolled  process. 
As  Bray  (1980)  has  pointed  out.  scalar  thermodynamic  variables  of 
temperature,  density,  and  composition  do  not  fluctuate  relatively 
strongly  in  this  type  of  thick  flame. 

Further  Comments 

Here,  we  briefly  discuss  recirculation  zone  structure  and  tur¬ 
bulence  properties  from  the  viewpoint  of  their  impmtance  to 
practical  design  and  combustion  modeling. 

(i)  Recirculaaon  Zone  Structure:  In  these  expeiiments,  we  have 
observed  that  in  turbulent  confined  combusting  flows,  increasing 
the  blockage  ratio  or  approach  flow  nirbulence,  and  in  the  limit  of 
fast  chemistry,  the  recirculation  zone  size  decreases  to  its  value  for 
fully  developed,  cold  turbulent  flow  wake.  Thus,  in  the  limit  of 
high  Reynolds  number,  mixing-controlled  combustion,  the  recir¬ 
culation  zone  size  can  be  predicted  Bom  the  nrni-reactive 
turbulence  modeling  codes.  In  contrast,  for  reaction-controlled 
combustion,  the  recirculation  zone  is  highly  elongated. 
Intermediate  between  these  two  extremes,  recirculation  zone  size 
and  shape  may  vary  with  geometric  (BR,  8),  chemical  (^),  and 
flow  (U  ,  I)  parameters.  Therefore,  numerous  past  observations  on 
the  recirculation  zone  size  and  shape  can  be  reconciled  by  develop¬ 
ing  a  criteria  for  mixing-  or  reaction-controlled  combustion  in  that 
particular  experiment. 

For  the  present,  we  observe  that  only  8  and  I  have  a  strong  effect 
on  the  recirculation  zone  structure  in  combusting  flows.  Although 
geometric  (hardware)  parameters,  BR  and  0  undoubtedly  influence 
cold  flow  results  (see  Heitor  et  al.  1988  and  Rizk  and  Lefebvie 
1986)  and  indeed  have  important  practical  role  in  the  flameholder 
design  (pressure  loss,  heat  transfer,  fuel  injection  considerations) 
they  appear  to  be  less  important  in  deflning  the  recirculation  zone 
structure  in  combusting  flows. 

(ii)  Turbulence  Properties:  We  have  noted  that  the  geometric 
parameters  BR  and  6  produce  a  moderate  increase  in  the  shear 
stress  and  TKE  in  either  the  interior  or  at  the  periphery  of  recir¬ 
culation  zone  respectively.  Increasing  8  or  1  increases  heat  release 
and  presumably  this  increases  magnitude  of  both  the  shear- 
generated  turbulence  and  the  turbulence  dilatation  terms. 
However,  dilatation  predominates  in  the  presence  of  wall  confine¬ 
ment  and  small  streamline  curvature  and  the  net  result  is  a 
decrease  in  TKE  in  this  combusting  flow.  Thus,  in  practical  gas 
tnrfrine  combustots  combustion  may  actually  suppress  TKE. 


In  the  context  of  combustion  modeling,  another  term  of  impor- 
tance  in  a  coi^ned  combusting  turbulent  flow  is  the  source  term  -u!' 
(3P/dx.)  from  the  conservation  equation  of  turbulence  stresses. 
The  magnitude  of  this  term  would  be  important  in  regions  where 
both  ur  and  (dP/dx.)  are  large.  Although  no  local  measurements  of 
(dP/dx.)  in  the  combusting  flow  were  possible,  it  is  easy  to  visual¬ 
ize  at  least  two  distinct  regions  where  the  streamline  curvature  is 
high  and  the  teim  u"  (dP/dx.)  could  become  inqrortanL  Fust,  the 
stretched  flame  region  surrounding  the  recirculation  zone  at  the 
location  of  its  maximum  width  would  provide  a  source  of  tur¬ 
bulence.  Second,  the  highly-curved  region  in  the  vicinity  of  the 
rear  stagnation  point  represents  yet  another  region  of  turbulence 
production. 

Condusioiis 

Detailed  measurements  of  the  mean  and  turbulent  combusting 
flowfield  were  performed  in  the  wake  and  downstream  regitni  of 
several  conical  flameholders  confined  in  a  test  section.  The  fol¬ 
lowing  conclusions  were  drawn  on  the  influence  of  blockage  ratio, 
cone  angle,  equivalence  ratio,  and  approach  turbulence  intensity  on 
recirculation  zone  structure  and  turbulence  properties  in  and  sur¬ 
rounding  flowfield. 

(1)  Increasing  the  blockage  ratio  slightly  decreases  the  recircula¬ 
tion  zone  length  and  produces  a  moderate  increase  in  the  shear 
stress  and  TKE  in  either  the  interior  <x  at  the  periphery  of  recir¬ 
culation  zone  respectively. 

(2)  Increasing  the  cone  angle  produces  a  slightly  larger  recircula¬ 
tion  zone  volume  and  moderately  augments  TKE  production, 
downstream  of  the  axial  plane  of  maximum  recirculation  zone 
width. 

(3)  Increasing  the  equivalence  ratio  from  its  lean  extinction  limit 
to  near-stoichiometiy  decreases  the  recirculation  zone  length  to 
one-half  its  original  value  and  very  close  to  its  value  in  the  cold 
flow.  TKE  is  drastically  decreased  due  to  suppression  of  tur¬ 
bulence  by  dilatation. 

(4)  Increasing  the  approach  turbulence  intensity  drastically  shon- 
ens  the  recirculation  zone  length  close  to  its  value  in  tire  cold  flow. 
The  distribution  of  both  shear  stresses  and  TKE  shifts  Bom  the 
outer  periphery  of  the  recirculation  ztme  to  radially  inward  loca¬ 
tions. 

lunally,  recirculation  zone  structure  and  turbulence  properties  of 
the  flow  are  discussed  Bom  the  viewpoint  of  their  importance  to 
practical  design  and  combustion  modeling. 
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Abstract 

Measuremems  of  mean  and  nns  tempenniie  fluctuations 
were  perfonned  in  confined  tuibulent  premixed  methane-air 
flames,  stabilired  on  a  conical  flamehokier.  A  CARS  system  was 
used  for  diese  tneasmements.  These  tests  employed  flameholden 
of  difierem  blockage  ratios  (13%  and  2S%),  and  mixtures  with  dif¬ 
ferent  equivalence  latios  (0J6.  0.6S,  0.8,  and  0.9)  and  apfmnch 
turbulence  intensity  (2%,  17%,  and  22%). 

It  wu  found  that  tbe  recnculation  xoik  closely  resembtes  a 
perfecdy  well-stitred  reactor.  Blockage  ratio,  equivalence  ruio.  or 
approach  turbuleace  intensity  did  not  alter  the  scalar  field.  'Ihetur- 
buient  flame  structure  enveloping  the  recirculation  rone  cooqnises: 
0)  an  igmtkmAhia  flame  region  in  the  vicinity  at  the  flameholder 
base,  (ii)  a  reacting  shear  layer  region  of  large-scale  coherent  struc¬ 
tures,  and  fiii)  a  thick  flame  region  where  entrainment  is  the 
dominant  mechanism.  Rnally,  analysis  suggests  that  the  scalar 
giadiem-diffusion  relatiooship  is  valid  and  areas  of  non-gradient 
diflttsion,  if  any,  ate  probably  small 

NooMndatarc 

BR  «  Modcage  ratio 

C  ■  reaction  progress  variable  (T-T  fV/T  ) 

u  f  u 

C  «  rms temperature (T  /T-T  ) 

t  nns  f  u 

d  ■  base  diameter  of  conical  stamlizer 

I  -  approach  axial  turbuleoce  intensity  (u’/U  ) 

L  «  length  of  the  redrculadon  sone 

r  «  radial  directioo 

T  ■  temperature 

U,  V  ■  mean  vdoddes  in  axial  and  radial  directions 

u,v  «  fluctuating  velocities  in  axial  and  radial  Erections 


X  >  axial  direction 

S  3  flame  thickness 

b  s  equivalence  ratio 

V  3  kinematic  viscosity 

Superacripts 

—  =  mean  value 

‘  3  rms  value 

Subscripts 

a  3  aonnlarflow 

f  3  flame 

u  3  unbumed 

t  3  total  turbulent 

Introduction 

In  designing  afierbumer  systeiiu  and  ramjet  combustors, 
inovisioo  must  be  made  to  initiate  and  sustain  effective  flamehcdd' 
ing  in  highly  turbulent  combustible  mixtures.  A  bluff  body  is 
conuixnily  used  to  create  a  recirculation  zone.  This  zoik  ex¬ 
changes  mass  and  momentum  with  the  flame  sutiounding  it  and 
also  provides  the  necessary  heat  flux  to  ignite  the  incoming  reac¬ 
tants.  In  this  type  of  flowfield,  the  magnitude  and  nature  of  the 
scalar  transpott  depend  upon  mean  temperature  giadiems,  tempera¬ 
ture  fluctuations,  velocity-temperature  correlations,  and  properties 
of  the  premixed  reactants  such  as  equivalence  ratio  and  burning 
velocity.  Also,  knowledge  of  scalar  transport  allows  accurate  ernn- 
putation  of  mean  reaction  rate  and  therefore  heat  release,  flame 
subility,  and  production  of  unbumed  hydrocarbons  (UHC)  and 
NO  . 

X 
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Mtny  years  L(»(weU  et  il.  (19S3)  pioposad  that  the 
leciiculatioa  xooe  may  be  viewed  as  a  peifectly-stined  leactm. 
However,  in  practicai  combustors,  the  situation  of  perfect 
homogeneity  does  not  exist  To  simulate  the  practical  combustion 
process  more  closely,  Swithenbank  et  al.  (1980)  and  Ihatt  (1980) 
proposed  models  of  "paitially-stined  reactor''  and  "impofect 
micromixing''.  To  evaluate  these  models  and  to  undentand  the 
mechanism  of  flame  stabilization  require  dau  on  turbulent  scalar 
properties. 

Measurement  of  flame  temperature  in  highly  turbulent,  con¬ 
fined,  recitculatoiy  flows  is  an  extremely  difficult  task. 
Comparatively  few  results  are  available  in  the  literature.  Lewis 
and  Moss  (1979),  Shephard  and  Moss  (1982),  and  Shephard  et  al. 
(1982)  reported  heat  flux  measurements  in  a  weakly  sheared  un- 
confmed  and  confined  ptcmixed  flames.  Heimr  et  al.  (1987, 1988) 
measured  temperature  fluctuations  in  disk-subilized  open  and  con¬ 
fined  flames.  Sivasegaram  and  Whitelaw  (1983)  and  Taylor  and 
Whitelaw  (1980)  have  presented  temperature  data  in  a  step- 
stabilized  prenuxed  flame,  and  in  an  axisymmettic  combustor 
respecdvely. 

Altixrst  all  the  tempeniure  measurement  repented  above 
employed  either  uncompensated  ci  compensated  fine-wire  dier- 
mocouples.  Hence,  these  measurements  suffer  from  many 
deficiencies  as  follows:  (i)  uncertainty  in  mean  and  rms  tempera¬ 
tures  of  120  K  or  more  due  to  Urge  wire-siK  (e.  g.,  Shephard  and 

1  / 


MIXTURE 

1  Schematic  diagram  of  the  confliicd  flame  stabilizer  teat 
fadlity. 


Moss  (1982)  and  Shephard  et  al.,  1982),  (ii)  uncompensated  ther¬ 
mocouple  or  one  with  a  large  time  constant  (100  ms  or  more)  of 
the  coaqrensation  circuit  introduces  errors  in  pdf  measurements  (e. 
g.,  Lewis  and  Moss  1979),  (iii)  uncertainty  in  radianon  correction, 
catalytic  effects  of  coatings,  arxl  heat  loss  to  thermocouple  prongs 
can  result  in  the  underestitnation  of  temperature  by  150  K  or  more 
(e.  g.,  Heitor  et  al.  1987),  (iv)  flow  disturbances  produced  by  in¬ 
serting  the  thermocouple  within  the  flame  can  significandy  alter 
the  flame  structure,  e.  g.,  thermocouple  can  act  as  a  flameholder. 

To  overcome  the  uncertainties  of  thermocouple  temperature 
measurements,  we  employed  a  Coherent  Anti-Stokes  Raman 
Spectroscopy  (CARS)  system.  This  systwn  offeis  several  ad¬ 
vantages  such  as  non-intnisive  preying,  high  spatial  and  temporal 
resolution,  good  accessibility  to  confuted  flames,  insensitivity  to 
soot  and  particulates,  and  good  reproducibility. 

The  objectives  of  our  work  were  to  (i)  measure  temperature 
fluctuations  in  and  arouttd  a  confuted  recirculation  zone,  (ii)  study 
die  influence  of  blockage  ratio,  equivalence  ratio,  and  ^tproach 
turbulence  intensity  on  the  scalar  distribution  within  and  around 
the  reciiculation  zone,  and  (iii)  develop  an  understanding  of  the 
turbulent  flame  structure  surrounding  the  recirculation  zone. 

Experimental  Work 

1  Teat  Rig.  Figure  1  shows  the  test  rig  employed  for  these  ex¬ 
periments.  Several  stainless  steel  conical  flame  stabilizers  were 
manufactured  including  two  base  diameten,  d  «  4.44  cm  and  3.18 
cm  corresponding  to  the  blockage  ratios  BR  =  25%  and  13% 
respectively.  Each  stabilizer  was  mounted  coaxially  inside  an  8 
cm  X  8  cm  X  28.4  cm  test  section  with  rounded  comers  which  has 
four  5.64  cm  x  25.4  cm  cut-outs  for  quanz  windows.  This  test  sec¬ 
tion  was  mounted  on  a  vertical  combustion  tunnel  with  a  three-axis 
naversing  mechanism.  Different  turbulence  grids  could  be  in¬ 
setted  at  5.8  cm  upstream  of  the  base  of  the  conical  bluff  body. 
Measurements  of  turbulence  quantities  and  mean  wall-sutic  pres¬ 
sure,  which  are  reponed  by  Pan  et  al.  (1990,  1991),  were 
performed  by  using  a  tw»-coaiponent  Laser  Doppler  Anemometer 
(LOA)  aitd  a  precision  micromanometer  respectively.  A  CARS 
system  was  used  to  perform  independent  temperature  measure¬ 
ments. 

2  Test  Condition.  In  these  experiments,  prentixed  methane- 
air  flames  were  studied.  The  mean  annular  velodty^was  IS  m^ 
aad  the  Reynolds  number  varied  between  Re^a  3x10  to  4.2x10  . 
Zukoski  and  Marble  (1955)  have  pointed  out  that  the  blu^  body 
wake  region  becomes  fully  turbulent  when  Re  »  U  d/v  a  10  .  Four 
different  equivalence  ratios,  0.56,  0.65,  0.8,  0.9  were  tested,  cor¬ 
responding  to  adiabatic  flame  temperatures  of  1590  K,  1755  K, 
1990  K.  and  2130  K  respectively.  The  inlet  turbulence  intensity 
level  was  varied  from  2%  to  22%  by  using  different  grids. 
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3  CARS  System.  The  CARS  optics  layout  is  shown  in  Fig.  2. 
The  User  souice  is  provided  by  a  Nd:YAG  pulse  laser  with  10  ns 
tiine  resolution.  The  frequency-doubled  souice  green  beam  (S32 
nm)  is  equally  divided  into  four  pans.  Two  of  these  serve  as  the 
(Nimp  beams,  while  the  other  two  pump  a  dye  laser  oscillator  and 
amplifier.  The  dye  laser  is  tuned  to  provide  a  red  broad-band 
Stokes  beam  (110  FWHM)  centered  at  607  am.  The  red  Stokes 
beam  and  the  two  green  pump  beams  are  then  focused  together  by 
a  25-cm  focal  length  lens  in  a  BOXCARS  configuration.  A  2S-um- 
a-2S0-|im  measuring  spot  size  is  achieved.  The  CARS  signal  is 
collected  by  a  Spex  1702  spectrometer.  1024  element  DARSS 
camera,  and  Tracor-Nonhem  multichannel  analyzer.  The  taw  data 
are  processed  by  a  MODCOMP  minicomputer. 

From  the  raw  data,  the  temperatures  are  determined  by  com¬ 
paring  the  actual  nitrogen  spectra  to  the  calculated  spectra,  using  a 
least  square  fit.  The  calcuUtion  of  a  nitrogen  CARS  spectrum  re¬ 
quires  kitowledge  of  the  instrument  slit  function.  This  slit  function 
is  nonnally  determined  at  a  known  temperature  and  then  assumed 
to  be  the  i|>plicable  function  at  all  tenqieranires,  independent  of  the 
optical  path  which  varies  with  density  or  temperature  gradients. 
However,  the  constant  slit  function  assumption  can  lead  to  serious 
error  in  temperature  determination.  Heneghan  et  aL  (1991)  have 
developed  a  simple  method  of  determining  the  slit  function  from 
the  collected  data  at  the  actual  temperature  and  mrbulence  level  by 
^iplying  the  principle  of  local  thermodynamic  equilibrium.  In 
general,  the  mean  tempeiature  is  measured  for  two  different  curve- 
fit  weighting  schemes  and  two  different  slit  widths.  The  actual 
mean  temperature  and  slit  width  are  calculated  by  finding  the  inter¬ 
section  of  the  two  lines  (T  vs.  slit  width  at  constant  weighting). 
This  method  yields  improvement  in  the  precision  of  the  CARS 
measurement. 

4  Error  Analysis.  Both  fuel  flow  and  air  flow  were  nxMiitoied 
by  separate  electronic  flow  control  units  to  within  i  0.S%  and  t 
141%  respectively.  The  combined  error  produced  an  uncertainty  of 
±  1.5%  in  equivalence  ratio,  or  ±  30  K  in  temperature.  Usually. 
500  samples  were  taken  for  each  CARS  measurement  to  ensure 


Fig.  2  ArranfRiicnt  of  the  CARS  system  optics. 


that  the  eiror  in  the  rms  lempetaiure  was  less  than  in  K,  while 
ISOO  samples  were  taken  in  the  flame  region  where  the  mis  values 
were  expected  to  be  large.  As  shown  by  Heneghan  and  Vangsness 
(1990),  the  mu  temperature  is  susceptible  to  CARS  iiutrumeni 
noise.  However,  in  combusting  flow,  the  temperature  fluctuanons 
are  much  greater  than  the  instrument  noise  and  thus  the  measure¬ 
ment  precision  (reproducibility)  is  good.  Overall,  we  estimated  the 
CARS  mean  lemperatuie  measurement  accuracy  to  be  within  SO  K. 
while  the  precision  is  well  within  20  K.  Unlike  the  LDA,  CARS 
temperamie  measurements  are  time-averaged,  without  density  bias¬ 
ing  effecu. 

Results  and  Discussion 

In  this  section  we  present  and  discuss  three  principal  features 
of  the  temperature  field,  namely  (i)  influence  of  parametric  varia¬ 
tions  on  the  temperanue  field,  (ii)  nature  of  temperature  pdfs,  and 
(ili)  structure  of  the  turbulent  reacting  shear  layer.  All  the  lem- 
peiatuie  data  were  made  non-dimensional  and  plotted  in  the  form 
of  reaction  progress  variable  C  and  C  which  are  relevant  in 
developing  theories  of  piemixed  turbulent  combustion  (for  ex¬ 
ample,  see  Bray,  1980).  In  all  the  figures,  tite  approach  turbulence 
intensity  1^2%  unless  otlterwise  stated. 

1  Influence  of  Parametric  Variations.  Figures  3a-b  show 
axial  and  radial  distributions  of  the  reaction  progress  variable  C 
and  C  for  BR  =  25%  and  13%  respectively.  In  Figs.  3a-b,  we  ob¬ 
serve  that  within  the  recirculation  zone  (r/d  <  0.5)  and  near  the 
metal  base  of  the  bluff  body  (x/d  =  0.1),  C  »  0.90-0.87.  Further 
downstream,  the  mean  temperature  witliin  the  recirculation  zone  is 
lower  than  the  adiabatic  flame  temperature  by  approxinuely  5%. 
Also,  the  rms  temperature  fluctuation  is  around  5%  and  constant 
throughout  These  results  suggest  that  the  recirculation  zone  (i) 
loses  about  5%  (or  less)  heat  to  the  environment  (ii)  loses  ap¬ 
proximately  S%-8%  heat  to  the  metal  base  of  tiie  bluff  body,  and 
(iii)  is  almost  but  not  perfectly  well-stirred.  These  observations 
are  also  generally  valid  for  the  rest  of  the  data  presented  in  Figs.  4 
and  S.  Now.  effecis  of  parameiric  variations  on  scalar  field  are  dis¬ 
cussed. 

(a)  Blockage  Ratio-.  Figures  3a-b  show  the  influence  of  ap¬ 
proximately  doubling  the  blockage  ratio  on  mean  and  rms 
temperature  fluctuations.  It  is  observed  that  the  blockage  ratio 
does  not  affect  either  tlie  mean  or  the  ims  temperature.  Since  Pan 
et  aL  (1991)  have  reported  no  significant  change  in  the  size  of  the 
leciiculation  zone,  it  is  clear  that  the  flame  position,  and  therefore 
the  scalar  field,  remain  unaltered.  In  practical  afterburner  systems, 
the  blockage  ratio  mainly  influences  the  drag  of  the  bluff  body. 
For  the  same  annular  velocity,  a  large  bluff  body  confined  in  a 
combusior  has  less  mass  flow  of  reactants  taking  part  in  combus¬ 
tion.  This  increases  residence  time  for  complete  combustion,  but 
also  decreases  the  total  heat  released  downstream  of  die  tecireula- 
non  zone,  (nearly,  combustor  pressure  tots,  reactant  mass  flow. 
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and  combustor  size  are  just  some  of  the  facton  that  detsemiae  a 
suitable  value  of  the  blockage  ratio  for  use  in  a  givea  practical  ap¬ 
plication. 

(b)  E^idvmlence  Rad0:  Hgures  4a-c  illusuate  the  efiects  of 
equivalence  ratio  on  mean  and  nns  temperatures.  la  Fig.  4a.  the 
ceaieriine  tampetatuses  are  placiad.  These  data  show  that  the  rats 
temperature  fluctuation  is  nearly  coimam  at  5%.  but  the  mean  tsm- 
perature  withia  the  rediculaion  aone  gradually  iacraasas  with 
downstream  distance.  Also  the  reaction  ptogiess  variahie  C  in¬ 
creases  with  decreasing  equivalence  ratio  from  0.90  to  0.54.  At 
least  two  facton  contribute  to  this  trend:  (i)  a  decrease  in  the  heat 
loss  to  the  metal  base  of  the  Muff  body  with  decreasing  tempera¬ 
ture  (hffeicnee  from  1070  K  to  1500  K,  and  (ii)  a  complete 
conversion  of  ennained  reactanu  to  hot  products  within  the  recir- 
culatian  zone. 


Fig.  4  Aaiai  and  radial  proflIes  of  non-dtawasioaal  mean  lem- 
poratare  (reactien  pregraas  variable)  and  rms  famparalure 
ploaiad  to  Mhtalrata  the  influencr  of  eqnivnlanee  raRe  on  scalar 

body,  IR  z  25%,  U  z  15  mfs,  (a)  cantarlinc  praRIm  (b)  radial 

pnMas  for  4  z  M,!  /d  «  1.4,  (c)  radiai  proMas  fcr  4  « 134, 
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In  Ftp.  4b-c  radial  temperanne  profiles  am  shown  far 
various  anial  pUncs.  The  results  of  Fig.  4b  are  alaaasi  identical  H> 
those  of  Fig.  3a  and  the  same  explanations  are  valid  here  also. 
Figure  4c  iMussratei  the  results  of  experiments  at  the  lean  exiac- 
sion  Mmit  of  methane-air  mixnue.  Specifically,  we  observe  a  rapid 


powfaht  the 


fluematians  (C  rises  from  5%  to  30%) 


for  i/d  a  0.3  and  x/d  >  2,  i.  e.,  upstream  cS  the  rear  stagnation 


5  AxW  aM  radial  proflla  of  non^mniiioBal  mcaii  tcm- 
paramra  (nactim  iiratrta  variaMc)  and  nm  camparatura 
piBttad  ta  HiMatrala  tke  infliianca  of  approach  (urbalcncc  inian- 
altjr  00  acalar  flactaations.  Thaaa  aiaasaraaianli  ara  for  a  45 
da|raacoaiaai•had^BR>U«,U  «  15  n^s,  aad  4  »  0.<5,  (a) 
caaior«aapramB8(b)radialprani4ftMrI-22%,L  /dsU,(c) 
radial  prafnca  Ant  1  a  17«,L^/d>lJ.  ' 

pdtet  Alao.  the  ceamifle  pkx  in  Fig.  4a  ragfetti  a  growing  teni- 
paraaae  flactaathm  downaatam  of  the  rear  stagnation  point  for  the 
lean  tadacdon  limii 


la  auaaaary,  iacteaaing  the  equivalence  ratio  (i)  soongly  af- 
Aecia  the  tiae  (Md  apedfkally  the  length)  of  the  recirculation  zone 
and  ihia  nMdMes  the  velocity  flowfiehi  (Pan  et  al.  1991),  but  (ii) 


x/Lr 

6  Temperature  gradient  and  thickness  of  the  turbulent 
flaiae  structure  for  a  45  degree  conkal>body  at  U  =15  m/s,  o  = 
0.65,  and  BRs  13%.  “ 


the  scalar  field  is  not  altered  in  any  dianuuic  manner  for  a  stable 
flame,  except  through  changes  in  the  magnitude  of  heat  Vosses 
stated  above.  However,  at  the  lean  extinction  limit,  the  turbulent 
burning  velocity  of  the  flame  is  not  fast  enough  to  consume  the 
reactants  completely.  This  allows  entrainment  of  fresh  or  partially 
burned  reactants  into  the  region  around  the  stagnation  point  and  in¬ 
creases  the  scalar  fluctuations. 

fej  Approach  Turbulence  Intensity:  Figures  5a-c 

demonstrate  the  influence  of  increasing  the  approach  turbulence  in¬ 
tensity  Aom  2%  to  17%  10  22%.  In  Fig.  5a,  centerline  axial 
disitibution  of  temperature  is  shown.  Within  the  length  of  the 
recirculation  zone  (x/L  s  I),  increasing  the  approach  turbulence  in¬ 
tensity  increases  mean  temperature  but  does  not  change  rins 
temperature  fluctuations.  This  can  be  explained  by  noting  that  Pan 
et  al.  (1991)  have  reported  a  dramatic  decrease  in  the  size,  and 
hence  also  the  surface  area,  of  the  recirculation  zone  with  increas¬ 
ing  reactant  turbulence  intensity  and  this  must  contribute  to 
reducing  the  heat  loss  from  the  recirculation  zone.  Further 
downstream  of  the  rear-stagnation  point  (x/L  z  1),  increasing  tur¬ 
bulence  reduces  mean  temperature  and  increases  rms  temperature 
fluctuations,  both  the  result  of  accelerated  exchange  of  mass  and 
heat  transfer  between  cold  reactants  and  hot  products. 

Figures  Sb-c  show  radial  ptoflles  of  mean  and  rms  tempera¬ 
tures.  It  should  be  noted  that  within  the  recirculation  zone  (r/d  s 
0.3)  values  of  C  and  C  remain  fairly  constant  However,  outside 
the  zone  (r/d  >  0.3),  the  mean  value  gradually  falls  and  the  rms 
value  rapidly  increases  within  the  vicinity  of  the  flame.  Clearly, 
iiKxeasing  the  turbulence  level  of  the  reactants  increases  both  the 
heat  transfer  between  cold  and  hot  gases  (which  decreases  mean 
temperature)  and  turbulent  burning  velocity  of  the  flame  (which  in¬ 
creases  temperature  fluctuations).  Again,  these  results  appear 
consistent  with  the  heat  loss  arguments  invoked  earlier. 
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2  Temperature  Pdfs.  From  the  radial  temperanire  profiles  of 
Figs.  3-5.  we  can  calculate  the  mean  temperature  gradient  (dC/dr) 
and  the  flame  thickness  5.  Two  types  of  flame  thickness  were 
defined:  (i)  total  thickness,  S  spanning  the  value  C  =  0-1,  and  (ii) 
flame  from  thickness,  5  contesponding  to  the  range  C  =  0.5-1 
(note:  C  »  0.5  implies  that  combustion  products  are  present  half 
the  time  and  reactants  are  present  the  rest  of  the  time  at  this  loca¬ 
tion.  i.  e..  this  represents  the  mean  flame  position). 

Figure  6  shows  plots  of  (dCVdr),  6^.  and  6^  for  a  bluff  body 
with  BR  3  13%,  over  the  axial  distance  covering  the  length  of  the 
recirculation  zone.  It  is  observed  that  the  radial  temperanire 
gradient  (dOdr),  which  is  negative  throughout,  rises  steeply 
within  x/L  »  0-0.12  (conespooding  to  6  s  0.54  mm  and  0.29 
mm)  and  t£en  maintains  a  fairly  constant  value.  This  result  shows 
that  the  ignition  of  reactants  and  the  establishment  of  the  flame  by 
the  heat  flux  transported  from  the  recirculation  zone  are  achieved 
within  12%  of  the  length  of  the  recirculation  zone.  Also,  the  flame 
front  is  extremely  thin  (<  1  mm).  Downstream  of  this  ignition/thin 
flame  region,  the  mean  temperature  gradient  remains  fairly  flat  but 
the  flame  thickness  continues  to  increase  eventually  to  >  7.1 
mm  and  »  4.5  mm.  This  suggests  that  entrainment  is  the 


dominant  mechanism  in  this  region  and  it  is  responsible  for 
producing  the  thick  flame  front. 

Figures  7a-e  show  typical  CARS  temperature  pdfs  measured 
in  the  reacting  shear  layer  around  the  blufl  body  at  three  different 
axial  locations,  (i)  within  the  ignition  zone,  x/d  -  0.1,  (ii)  near  the 
vortex  center,  x/d  »  0.8,  and  (iii)  within  the  thick  flame  region,  x/d 
=  1.5.  These  data  are  for  a  45  degree  conical-body,  BR  =  13%,  U 
=  IS  m/s,  and#  =0.65.  ‘ 

In  Figs.  7a-b,  the  two  radial  locations  differ  from  one  another 
by  only  0.2  mm.  These  results  show  only  one  skewed  peak  in  each 
pdf;  (i)  in  Fig.  7a,  the  peak  corresponds  to  the  produa  gas  tempera¬ 
ture  of  1070  K  (C  >  0.5)  on  the  hot  side,  and  (ii)  in  Fig.  7b,  the 
peak  conesponds  to  the  reactant  temperature  of  470  K  on  the  cold 
side  This  dramatic  shift  in  the  pdf  confirms  that  the  flame  front  is 
extremely  thin  at  this  axial  location. 

The  temperature  pdf  shown  in  Fig.  7c  shows  a  bimodal  dis¬ 
tribution  with  approximately  equal  weighting  on  each  of  the  cold 
and  hot  peaks  (C  -  0.5).  The  cold  gas  peak  is  centered  correspond¬ 
ing  to  gas  tenqieratures  in  the  preheat  zone,  somewhat  higher  than 


Fig.  7  CARS  tenperature  pdlh  fBcnsurcd  in  the  rcnctiiig  shear  layer  ftor  a  4S  degree  conical- 
hody.BR«U%,U  «18ai/i,h«RdS,aiidL  /d«2J7,(a)a/da0.1,r/ds0S2d,T=  lOTOi 
155  K,  C  -  0l53,  (hi  i/d  s  «.l,  r/d  >  «l532,  T  =  47«  ±  149  K,  C  =  0.12,  (c)  z/d  =  OJ,  r/d  = 
OJl.  T  «  1047  a  410  K,  C  a  051,  (d)  x/d  -  U.  r/d  *  RdO,  T  >  1440  1  339  K,  C  =  0.7S,  (e)  x/d 
a  US,  r/d  a  045,  T  a  795  ±  477  K.  C  a  034. 
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Iks  nwB  itanpaiMure  and  ihe  hot  ps  peak  U  cemared  near  the 
tdiabMif  flane  leiwpfjanHe.  The  himndal  nature  of  the  scalar  pdf 
iiidKaies  the  presence  of  larpe-scaie  coherent  stnictuies  within  the 
reacting  shear  Itqier.  As  Spalding  (1976)  has  suggested,  these 
structures  form  as  folds  around  the  flame  edge,  and  then  grow  in 
sire  downstream,  entraining  reactants  and  producu  and  thickening 
the  reacting  shear  layer. 

Finally,  Figs.  7d-c  show  temperature  pdfs  within  the  thick 
flame  region  separated  raihally  by  1.6  mm.  Both  pdfs  show  a 
skewed-bimodal  type  of  distnbution  with  one  dominant  peak.  The 
hot  gas  peak  found  in  Fig.  7d  is  much  higher  than  the  one  found  in 
Fig.  7e,  while  the  cold  gas  peak  of  Fig.  7e  is  veiy  close  to  the  room 
temperature.  A  finiie  probability  of  imennediaie  temperatures  also 
exists  in  both  the  temperature  pdfs  which  suggests  the  presence  of 
gu  in  the  partially  buroed-unburned  state.  Thus,  the  flame  front 
structure  is  extremely  complex  conpising  large-scale  structures, 
entrainment,  and  sireKhing  produced  due  so  the  aecldng-down  of 
mean  streamlines  in  the  vicinity  of  the  tear  stagnation  point  In 
such  instmices,  the  Bray-Moss-Libby  model  (Bray.  1980)  which 
describes  the  statistics  of  the  thin  flame  front  cannot  be  ^iplied 

3  Turbulent  Ffaunc  Structure.  From  the  above  experimental 
observations,  a  model  of  the  nttbulent  flame  structure  enveloping 
the  redrculanon  zone  was  developed  A  schematic  diagram  of  this 
model  it  shown  in  F^.  8  and  it  is  described  below. 

Turbulem  combustion  in  the  reacting  shear  layer  is  a  ihree- 
ttage  preheat-ignition-ptDpagation  proceu.  Near  the  base  of  the 
Muff  body  and  along  its  edge,  the  flowing  leactanu  ate  preheated 
and  ignited  by  the  beat  flux  transported  radially  outward  (iom  the 
redtculaiion  zone.  Within  the  region  x/L  -0^.12,  ignition  of  the 
incoming  reactantt  takes  place  and  a  thin  flame  that  conforms  to 
the  'fast-chetnistiy''  assumptions  sits  slightly  oblique  to  the 
oncoming  reactants.  This  type  of  flame  can  be  successfully 
modeled  by  the  Bray-Moss-Libby  theory  (Bray,  1980). 

Downstream  of  this  ignitton-thin  flame  region,  (xA.  >  0. 12). 
the  temperamre  remains  either  fairly  constam  or  decreases  slightly. 
L  e.,  dCfdr  *  0.  This  suggests  that  no  rediai  heat  flux  is 
transported,  and  only  eniraimnem  of  leactana  and  poduca  is 
taking  piaco  downstream.  In  thit  region,  large-scale  coherent 
SBuenans  begin  to  grow  within  the  reacting  shear  layer.  These 
stwetnres  form  as  folds  around  the  flame  edge  and  then  grow  in 
sire  downstream,  producing  a  convoluted  reaction  zone  with  many 
isoiased  pockets  of  hot  product  and  cold  reactant  gas.  These 
coherent  bodies  of  gas  are  squeezed  and  stretched  during  their 
travel  through  the  flame  and  the  entrainmem  process  causes  their 
growth  downsoeam  thereby  thickening  the  flame. 

Further  downstream,  and  in  the  vicinity  of  the  rear  sugtiation 
poim.  the  flame  front  is  thick  (-  4.S  mm)  and  mast  eniraimiieni  of 
fossh  wactams  is  die  dominam  mechanism  m  work.  In  this  region. 
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Fig.  8  Schematic  diagram  illustrating  the  turbulent  flame 
structure  enveloping  the  recirculation  zone. 


large  temperature  fluctuanons  (C  •  2S%-3S%)  are  measured  as  ob¬ 
served  in  Figs.  3b,  4c,  and  Sb-c.  Such  fluctuations  may 
acoustically  couple  with  a  sufficiently  long  duct  and  produce  com¬ 
bustion  instability  or  rumble  in  practical  combustors.  Qearly,  the 
relatively  simple  statistical  description  of  the  wrinkled  thin  flame 
flont  is  inadequate  here.  Rather,  the  "eddy-enminment, 
combustion-in-depth"  process  of  Ballal  and  Lefebvre  (1974)  is  at 
work.  Thus,  the  instantaneous  region  of  combustion  is  distributed 
throughout  the  time  average  of  the  combustion  zone  rather  than 
being  confined  to  a  thin  wrinkled  laminar  flame.  Also,  since  an  in¬ 
termediate  state  of  gas  exists,  neither  the  perfect-stirred  reactor 
theory  of  Longwell  et  al.  (19S3)  nor  the  characteristic  time  theory 
of  Zukosld  and  Marble  (19SS)  can  fully  describe  the  bluff  body 
flame  stabilization  mechanism  accurately.  More  work  is  required 
to  examine  these  issues  in  detail. 

Finally,  within  the  reverse  flow  region  of  the  recirculation 
zone,  the  axial  heat  flux  is  directed  towards  the  bluff  body  because 
hot  products  (T  >  0)  are  moving  axially  towards  the  bluff  body  (u 
>  -ve)  and  cold  reactants  are  moving  axially  downstream,  L  e.,  the 
axial  heat  flux  uT  is  negative.  In  this  same  region,  the  axial  tem¬ 
perature  gradient  dCVdx  is  generally  positive  as  evident  from  Figs. 
4a  and  5a.  These  observations  support  the  scalar  gradient- 
diffusion  relationship  of  the  form  -uT  =  (dC7dx).  Outside  of 
the  recirculation  zone  (r/d  >  0.5)  and  within  the  flame,  hot  products 
(T  >  0)  are  moving  axially  downstream  (■*■  u),  i.  e.  the  axial  heat 
flux  uT  is  positive  and  the  axial  temperature  gradient  dC/dx  is  s  0. 
Again  this  lends  credence  to  the  validity  of  the  above  scalar 
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gndieiu-difrusion  reUiioasiup.  Now.  the  radial  heat  flux  ^  is  al¬ 
ways  posibve  because  reactants  are  preheated  and  ignited  by  the 
heat  flux  nansponed  radially  outward  front  the  recirculation  zone. 
Also,  Fig.  6  shows  that  dC/dr  is  negative  throughout.  Therefore,  it 
qtpeais  that  the  conventional  scalar  gradient-diffusion  relationship 
of  the  fomi  vF  >  -  D.  OT/dr)  is  valid  in  this  type  of  reactive  flow- 

n 

field 

Our  above  arguments  suggesting  the  validity  of  the  scalar 
gradient-diffusion  relatioiiship  are  in  conflict  with  the  scalar 
measurements  of  Shephard  et  aL  (1982)  in  confined  pretnixed 
flames,  those  of  Heitor  et  al.  (1987)  in  c^n  baffle-stabilized 
flames,  and  the  analysis  of  Libby  and  Bray  (1981).  These  authms 
found  counter-gradient  diffusion  effects.  However,  they  used  ther- 
mocoaffies  with  relatively  large-wire  sizes  and  it  is  possible  that 
their  measurements  of  flame  temperature  could  have  suffered  from 
relatively  large  experimental  uncertainties  or  eiron  discussed  ear¬ 
lier.  On  the  other  hand  direct,  laser-diagnostics- based  non- 
intnisive  measurements  of  axial  and  radial  turbulent  heat  fluxes  are 
required  in  the  future  to  examine  in  an  unambiguous  manner  if 
counter-gradient  diffusion  exists  within  these  type  of  flows. 
Cuirently,  the  LOA-CARS  systems  are  being  integrated  in  our 
laboratory  for  meeting  this  goal. 

Conduaiona 

Using  a  CARS  system,  mean  and  ims  temperatures  were 
measured  within  and  outside  the  recirculadon  zone  produced  by  a 
conical  flameholder  confined  in  a  test  section  and  supplied  with 
turbulent  premixed  methane-air  mixtures.  The  following  conclu¬ 
sions  emerged 

(1)  Measurements  reveal  that  the  recirculation  zone  loses 
about  3%  heat  to  outside  and  about  3-8%  heat  to  the  flameholder 
base.  Also,  low  rms  temperatures  (-*  3%)  suggest  that  a  perfectly 
well-stined  reactor  description  of  the  recirculation  zone  is  very 
close  to  valid 

(2)  Blockage  ratio  does  not  affect  either  the  mean  or  ims 
temperature  fluctuations.  Increasing  the  equivalence  ratio  or  ap¬ 
proach  turbulence  intensity  increases  heat  losses  from  the 
recirculation  zone,  but  does  not  alter  the  scalar  field  in  any 
dramatic  way. 

(3)  Near  the  flameholder  base,  temperanire  pdfs  reveal  an  ex¬ 
tremely  thin  flame  front  Downstream  of  this,  temperature  pdf  is 
bimodal  and  suggests  the  presence  of  large-scale  coherent  struc¬ 
tures  within  the  reacting  shear  layer.  Further  downstream,  a  thick 
flame  consisting  of  pattiaily  bumed-unbumed  gas  states  develops. 

(4)  The  nirbulent  flame  structure  enveloping  the  recirculation 
zone  comprises  an  ignition/thin  flame  region,  a  reacting  shear  layer 
which  has  large-scale  coherent  structure,  and  Anally,  a  thick  flame 


region  where  entrainment  is  the  dominant  mechanism.  Analysis 
suggests  that  the  gradient-difftuion  reladonship  is  valid  and  areas 
of  non-gradient  diffiiskm,  if  any.  are  probably  small. 
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AbitrMt 

The  effects  of  chemistry  and  approach  turbulence  inten¬ 
sity  were  stuified  for  confined,  nirbulent,  and  premixed  bluff- 
body  stabilized  methane-air  flames.  These  experiments 
employed  diffonem  blockage  ratios  (13%  and  25%),  equiv¬ 
alence  ruios  (0.56,  0.65,  0.8,  and  0.9),  and  approach 
tvfaulence  levels  (2%  and  22%).  A  two-component  LOA  was 
used  for  the  velocity  measurements  and  a  CARS  system  per- 
ftxtmed  an  the  lempentme  measurements 

It  was  found  that  both  faster  chemistiy  (Le..  increasing 
equivalence  ratio)  and  increasing  the  approach  turbulence 
dramatically  decreased  the  TCcirculaiion  zone  size.  Also,TKE 
was  decreased  due  to  tfilaiation.  Both,  slower  chemisiry  (near 
lean  extinction  limit)  and  higher  turbulence  produced  a  rapid 
growth  in  temperature  fluctuations,  A  flame  model  was 
developed  comprisuig  an  ignition-ihin  flame  region,  a  large- 
scale  reacting  shear  layer,  and  fmally,  a  thick  flame  region 
where  entrainment  is  the  dominant  mechanism.  Thn  flame 
model  was  used  to  explain  the  lean  blowout  (finite  chemistry 
effect)  and  die  turbulent  flame  propagation  on  the  basis  of  pre¬ 
viously  establisbed  criteria. 

NomencMure 
BR  «  blockage  ratio 

C  *  mean  reaction  progress  variable  (T-T  fT-T  ) 

C  *  ims  reaction  progress  variable  (T  ft.h  f 

d^  »  base  diameter  of  conical  stabilizer"*  " 

I  w  approach  axial  turbulence  intensity 

L  «  length  of  the  recircularion  zone 

m  «  nnssflow 

p  *  static  pressure 

q  *  turbulent  kinetic  energy  (TKE) 

Re  «  Reynolds  number 

Re^  ■  turbulent  Reynolds  number  (»  n'k/v) 

r  «  raifiai  direction 

S  •  flame  burning  velocity 

T  »  temperature 

I  ■  thiK 

U.  V  «  mean  velocities-  axial,  radial  dtrections 
u,v  •  fluctuating  velociiies-axial.  radial  directions 

09  »  Reynolds  shear  stress 
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X  s  axial  direction 

6  3  flame- front  thickness 

1  K  turbulence  integral  scale 

X  3  turbulence  microscale 

I)  x;  Kolmogoroff  scale 

p  =  equivalence  ratio 

V  s  kinematic  viscosity 

9  a  cone  apex  angle 

t  -  heat  release  parameter. 

Si^scripts 

—  >  mean  value 

’  a  ims  value 

*  a  density-weighted  value 

SuJfscripii 

a  a  annular  flow 

f  a  flame 

L  a  laminar 

u  a  unbumed 

I  a  total,  turbulent 

1.  Introduction 

In  ramjet  engines,  jet  afterburners,  and  gas  turbine  com¬ 
bustors.  recirculation  of  combustion  products  is  used  to 
stabilize  the  combustion  process.  In  these  types  of  combus¬ 
tion  systems,  intense  turbulent  mixing  is  presem  due  to  large 
fluctuations  in  temperature,  composition,  and  density.  Also, 
because  of  the  non-linearity  of  the  chemical  kinetics  terms, 
chemistty  effects  become  important  and  controlling.  Thus, 
from  a  practical  viewpoint,  there  exists  an  important  need  to 
study  the  effects  of  chemistry  and  turbulence  in  confined  recir- 
culatory  combusting  flows. 

A  dump  combustor  and  a  bluff-body  combustor  are  the 
two  most  common  means  of  generating  tccirculatory  combust¬ 
ing  flows.  Recently,  one  of  us  reported  the  chemistty  [1)  and 
the  turbulence  [2]  effecu  in  a  dump  combustor.  In  this  paper, 
we  have  investigated  these  two  effects  for  confined  bluff-body 
stabilized  flames.  Our  combustor,  which  is  supplied  with 
premixed  fuel-air  mixture,  has  a  cenually-located  conical  Muff- 
body.  This  introduces  an  area  blockage  which  produces 
pressure  drop,  and  creates  recirculation  in  its  wake  The 
chemistry  effects  are  simulated  by  varying  the  equivalence 
ratio  of  the  incoming  mixture  from  its  value  at  the  lean  flam¬ 
mability  limit  to  its  stofchiometric  value.  The  tutbulence 
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effects  are  produced  by  inserting  nirbulence  grids  upstream  of 
the  base  of  the  conical  bluff-body  and  thereby  changing  the 
level  of  turbulence  intensity  and  scale  in  the  plane  of  the  base. 

Using  the  above  experimental  configuration,  we  have 
made  detailed  velocity  and  temperature  measurements  within 
and  around  the  recirculation  zone.  From  these  data,  the  struc¬ 
ture  and  behavior  of  the  lecirculatory  flowfield  is  assessed  and 
the  effects  of  chemistry  and  turbulence  level  on  flame  stabi¬ 
lization  are  discussed. 

2.  Experimental  Work 

Test  Rig:  Figure  1  shows  the  test  rig  employed  for  these  ex¬ 
periments.  Several  stainless  steel  conical  flame  stabilizers 
were  manufactured  including  two  base  diameters,  d  =  4.44  cm 
and  3.18  cm  corresponding  to  the  blockage  ratios  BR  =  2S% 
and  13%  respectively.  Each  stabilizer  was  mounted  coaxially 
inside  a  8  cm  x  8  cm  x  28.4  cm  test  section  with  rounded 
comers  which  has  four  S.64  cm  x  25.4  cm  cut-outs  for  quartz 
windows.  This  test  section  was  mounted  on  a  vertical  com¬ 
bustion  tunnel  with  a  three-axis  traversing  mechanism 
described  by  Ballal  et  al.  [3].  Different  turbulence  grids  could 
be  inserted  at  5.8  cm  upstream  of  the  base  of  the  conical  bluff 
body.  Measurements  of  turbulence  quantities  and  mean  wall- 
static  pressure  were  performed  downstream  of  the  confined 
conical  flame  stabilizer  by  using  a  two<omponeni  Laser 
Doppler  Anemometer  (LDA)  and  a  precision  micromanometer 
respectively. 

Flow  Condition:  In  these  experiments,  piemixed  methane-air 
flames  were  studied.  The  mean  annular  velocities  were  10. 
15,  and  20  nVs  \^hich  covered  a  range  of  Reynolds  number 
from  3x10  to  6x10  .  Zukoski  and  Marble  (4]  have 
pointed  out  that  the  bluff  body  'Jiake  region  becomes  fully  tur¬ 
bulent  when  Re  =  U  d/v  *  10  .  Four  different  equivalence 
ratios.  0.56,  0.65,  (^8,  0.9  were  tested,  corresponding  to 
adiabatic  flame  temperatures  of  1590  K,  1755  K,  1990  K.  and 
2130  K  respectively.  The  inlet  turbulence  intensity  level  was 
varied  from  2%  to  22%  by  using  different  grids. 

LDA  Instrumentation:  A  two-component  LDA  system  was 
used  for  all  velocity  measurements.  Essentially,  this  instru¬ 
ment  uses  polarization  separation  of  the  two  channels  and  is 
an  upgraded  and  refined  version  of  the  LDA  system  used  by 
Ballal  et  al.  (5). 

Principally,  this  instruriKnt  incorporates  Bragg  cell  fre¬ 
quency  shifting  (5  MHz)  for  measurements  in  a  tecirculatory 
flow,  a  unique  coincidence  circuit  for  rapid  acquisition  of 
valid  data,  software  to  filter  spurious  signals,  for  example,  due 
to  seed  agglomeration,  and  a  correction  subroutine  to  account 
for  the  LDA  signal  biasing  effect  in  combusting  flows.  A 
fluidized  bed  seeder  was  used  to  inject  submicron  sized  ZrO 
seed  panicles  into  the  flowing  combustible  mixture.  Forward 
scattered  signals  were  collected  9.5-degrees  off  axis,  and 
detected  by  TSI  Counter  Processors  (CP)^and  processed  by  our 
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Fig.  1:  Schematic  diagram  of  the  confined  flame  stabilizer 
test  facility. 

custom-designed  software  which  calculates  intensity,  shear 
stresses,  higher  moments  (skewness  and  kuttosis),  and  pdfs. 
The  LDA  ellipsoidal  probe  volume  size  was  175  pm  x  I5(X) 
pm,  fnnge  spacing  was  5  pm,  and  typical  sampling  rates  ex¬ 
ceeded  1  kHz  for  both  isothermal  and  combusting  flows. 

CARS  System:  The  CARS  optics  layout  is  described  in  detail 
by  Pan  et  al.  (61.  Essentially,  the  laser  source  is  provided  by  a 
Nd:YAG  pulse  laser  with  10  ns  time  resolution.  The 
frequency-doubled  source  green  beam  (532  nm)  is  equally 
divided  into  four  parts.  Two  of  these  serve  as  the  pump 
beams,  while  the  other  two  pump  a  dye  laser  oscillator  and 
amplifier.  The  dye  laser  is  tuned  to  provide  a  red  broad-band 
Stokes  beam  (110  FWHM)  centered  at  607  nm.  The  red 
Stokes  beam  and  the  two  green  pump  beams  are  then  focused 
together  by  a  25-cm  focal  length  lens  in  a  "BOXCARS"  con¬ 
figuration.  A  25-pin-X'250-pm  measuring  spot  size  is 
achieved.  The  CARS  signal  is  collected  by  a  Spex  1702 
spectrometer,  1024  element  DARSS  camera,  and  Tracor- 
Northem  multichannel  analyzer.  The  raw  data  are  processed 
by  a  MODCOMP  minicomputer. 

From  the  raw  data,  the  temperatures  are  determined  by 
comparing  the  actual  nitrogen  spectra  to  the  calculated  spectra, 
using  the  least  square  fit  The  calculation  of  a  hitrogen  CARS 
spectrum  requires  knowledge  of  the  instrument  slit  function. 
Heneghan  et  al.  [7]  have  developed  a  simple  method  of  deter¬ 
mining  the  slit  function  from  the  collected  data  at  the  actual 
temperature  and  turbulence  level  by  applying  the  principle  of 
local  thernwdynanuc  equilibrium.  This  method  improves  the 
precision  of  the  CARS  measureriKnt. 

Error  Analysis:  Both  the  fuel  flow  and  airflow  were 
monitored  by  separate  electronic  flow  control  units  to  ±  0.5% 
and  ±  1.5%  respectively.  The  combined  error  produced  an  un¬ 
certainty  of  t  1.5%  in  equivalence  ratio  or  ±  30  K  in 
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temperatuTt.  The  primary  source  of  error  in  LOA  measure- 
mem  is  the  stahsiical  bias  of  the  final  measured  velocity 
towards  higher  mass  flux  (velocity  x  density)  when  number- 
weighted  averages  are  used  to  calculate  stationary  statistics. 
Chen  and  Lightmati  {8]  and  Glass  and  Bilger  (9]  have  dis¬ 
cussed  bias  correction  schemes.  After  allowing  for  this  bias, 
we  estimated  that  the  uncertainty  in  the  measurement  of  mean 
velocity  was  1%  and  for  tms  velocity  S%.  Near  the  flame 
front,  where  interminency  would  be  much  higher,  the  uncer¬ 
tainty  in  rms  velocity  could  be  greater  than  7%.  The  long¬ 
term  repeatability  of  measurements  was  found  to  be  within  S% 
for  turbulence  quantities. 

Usually,  500  samples  were  taken  for  each  CARS 
measurement  to  ensure  that  the  error  in  rms  temperature  was 
leu  than  10  K,  while  1500  samples  were  taken  in  the  flame 
region  where  the  rms  values  were  expected  to  be  large.  As 
shown  by  Heneghan  and  Vangsness  (10],  the  CARS  mean 
temperature  measurement  accuracy  wu  within  50  K.  while  the 
precision  is  well  within  20  K.  Unlike  the  LDA,  CARS  tem¬ 
perature  meuurements  are  tinte-averaged.  without  the  density 
biuing  effects. 

3.  ResuHa 

Our  turbulence  measurements  encompassed  a  large  test 
matrix  and  are  available  in  a  separate  repon  by  Pan  et  aL  (1 1] . 
Only  selected  data  that  illustrate  the  influence  of  parametric 
variation  on  chemistry  and  turbulence  are  presented  and  dis¬ 
cussed  below. 

Chemiatry  Effects:  Figures  2a  and  2b  demonstrate  (moving 
from  left  to  tight)  the  effects  of  equivalence  ratio  of  the  incom¬ 
ing  fresh  mixture.  on  mean  velocity.  Reynolds  shear 
stresses,  and  turbulent  kinetic  energy  respectively.  In  Fig.  2a. 
meuurements  of  turbulence  flowTield  at  #  «  0.56  (T^s  1590 
K,  t  s  4.5)  corresponding  to  lean  extinction  limit  ate  shown, 
while  Fig.  2b  plots  dau  for  9  -  0.9  (T^^  2130  K,  r  6.3) 
close  to  stoichiometric  combustion  reqiecdvely.  The  mean 
recirculation  zoire  structuie  shows  width,  length,  and  the 
teveru  velocity  flowfieid;  the  contours  of  Reynolds  shear 
mess  (uvAJ  ’ )  illustrate  regions  of  maximum  diev  stress  and 
locations  w&m  the  shear  stress  changes  sign,  and  the  TKE 
contours  provide  information  on  turbulence  production  due  to 
normal  stresses. 

We  observe  that  an  increase  in  4  from  0.56  to  0.90 
decreases  the  reciiculation  zone  length  dramatically  from  x/d 
»  2.35  to  1.32,  i.  e..  slightly  shorter  than  that  found  in  the  cold 
flow  (x/d  s  1.52).  It  also  accelerates  axial  mean  velocities 
downstream  of  the  tear  sugnation  point  as  clearly  seen  in  Fig. 
2b.  Both  these  effects  arc  a  result  of  increuing  heat  release 
rates  and  fast  chemistry  brought  about  by  increasing  the  equiv¬ 
alence  ratio  towards  stoichiometry.  This  result  indicates  how 
compact  the  size  of  the  primary  zone  of  a  gu  turbine  combus¬ 
tor  can  be,  provided  it  operates  at  or  near  stoichiometric 
equivalence  ratios.  Detailed  examination  of  our  dau  indicate 
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Fig.  2:  Mean  flow  structure,  Reynolds  shear  stresses,  and 
turbulent  kinetic  eswrgy  plotted  to  illustrate  the  chemistry 
effects  in  a  confined  combusting  flow  (BR  =  25%,  6  s  45 
degrees,  U  =  15  m/s):  (a)  lean  extinction  limit,  6  -  OM  (b) 
near-stoicwonietric  combustion,  4  s  0.90. 

that  for  4  s  0.75,  combustion  is  kineticatly  controlled  and  re¬ 
quires  a  reciieuladon  zone  of  size  larger  than  that  for  cold 
flow  to  subilize  a  flame.  Also,  due  to  increased  heat  release 
rates  and  wail  confinement  of  the  flame,  streamline  curvature 
is  smaller.  Therefore,  turbulent  dilaution  is  the  dominant 
process  in  these  experiments.  Consequently,  as  evident  in  Fig. 
2b.  both  Reynolds  shear  stresses  and  TKE  decrease  at  high 
equivalence  ratios. 

Another  effect  of  increasing  the  equivalence  ratio  is  that 
it  decreases  chemical  reaction  time  (S^/  8, )  or  decrea.ses  the 
Damkohler  number.  D  *(l  Sj^/u’ 8^).  AsErray(12]hassuted 
and  McDannel  et  ai.^13]  have  found,  premixed  flames  of 
lower  Dattrkohler  number  produce  strong  scalar  (temperature 
or  density)  fluctuations.  Therefore,  Rgs.  3a  and  3b  illustrate 
the  effects  of  equivalence  ratio  on  mean  and  rms  temperatures, 
in  Fig.  3a.  the  centerline  temperatures  are  plott^.  These  data 
show  that  the  rms  temperature  fluctuation  is  pretty  near  con¬ 
stant  at  5%,  but  the  mean  temperature  gradually  increases  with 
downstream  distance.  At  least  two  factors  contribute  to  this 
trend;  (i)  a  constant  heat  loss  to  the  metal  base  of  the  bhiff 
body,  and  (ii)  a  relative  increase  in  the  thickness  of  the  flame 
front  which,  as  Bray  |12|  has  pointed  out.  may  decrease  the 
level  of  scalar  fluctuations  within  the  flame  and  inhibit  heat 
transpon  between  hot  products  and  cold  reactants. 

In  Figs.  3b  and  3c.  radial  temperature  profiles  are  shown 
for  various  axial  planea  Figure  3c  illustrates  a  dramatic 
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growth  in  the  temperature  fluctuations  (C  rises  from  S%  to 
30%)  for  r/d  »  0.3  and  xjd  =  2,  i.  e..  upstream  of  the  rear  stag¬ 
nation  point.  This  occurs  because  the  rapid  necking-down  of 
the  outer  flow  streamlines  in  the  vicinity  of  the  rear  stagnation 
point  brings  cold  reactants  rushing  towards  hot  products  flow¬ 
ing  through  the  center  portion  of  the  combustor. 
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Fit-  3:  Aaial  and  radial  profiles  of  non-dinicnsionai  mean 
temperature  (reaction  progren  variable)  and  rms  tempera¬ 
ture  plotted  to  illustrate  the  influence  of  chemistry  on 
scalar  fluctuations.  (BR  =  25%,  9  s  45  degrees,  U^=  15 
m/s):  (a)  centerline  profiles,  (b)  radial  profiles  for  4  s  0  J, 
(c)  radial  profiles  for  4  =  0  Jd. 
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Fig.4:  Mean  flow  structure,  Reynolds  shear  stresses,  and 
turbulent  kinetic  energy  plotted  to  illustrate  the  effects  of 
approach  turbulence  intensity  in  a  confined  combusting 
flow  (BR  s  25%,  9  s  45  degrees,  4  s  0.65,  U  s  15  m/s):  (a) 
low  turbulence,  1  s  2%,  (b)  high  turbulence,!  s  22% 


Turbulence  Effects:  Figures  4a-4b  dcmonsuaie  the  influence 
of  increasing  the  approach  mixture  turbulence  intensity,  u'AJ 
flom  2%  (no  grid)  to  22%  (grid  3).  As  the  approach  tur¬ 
bulence  intensity  increases  fri>m  2%  (Fig.  4a)  to  22%  (Fig.  4b) 
die  recirculation  zone  length  decreases  dramatically  from  x/d 
s  2  to  x/d  =  1.2.  Also,  the  location  of  maximum  recirculation 
width  shifts  upstream  from  x/d  •>  0.8  to  0.4.  This  dramatic 
change  in  the  structure  of  the  recirculation  zone  can  be  ex¬ 
plained  by  recognizing  that  the  turbulent  burning  velocity  of 


the  flame  increases  with  an  increase  in  the  tuibulence^iyi^- 
sily:forexample,Lefebvre(14|givcsSyS^=(l+(u'/S  )  J  '  - 
u’/S|^  for  large  values  of  u’/S^.  Thus,  a  five-lo  six-folcnncrease 
in  turbulent  burning  velocity  dramatically  reduces  the  size  of 


the  recirculation  zone.  Similarities  between  the  effects  of  in' 


creasing  equivalence  ratio  and  increasing  turbulence  intensity 
are  very  evident  in  Figs.  2  and  4.  Also,  as  evident  in  Fig.  4b, 
the  dramatic  shortening  of  the  recirculation  zone  length  shifts 
regions  with  strong  concentration  of  both  shear  stress  and 
TKE  from  the  outer  periphery  of  the  recirculation  zone  to 
radially  inward  location  around  r/d  -  0.2.  The  magnitude  of 
shear  stresses  is  about  the  same,  but  the  TKE  appears  to  be 
higher  and  concentrated  in  the  region  around  the  maximum 
width  of  the  recirculation  zone  (Fig.  4b).  This  is  because,  in 
confined  flames,  the  production  of  TKE  is  by  the  interaction 
of  Reynolds  stress  and  shear  strain,  i.  e.,  via  the  term  uv 
(9U/dr),  and  the  flame  is  stretched  around  the  maximum 
width  of  the  recirculation  zone. 
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Our  detailed  inspection  of  the  dau  also  showed  that  in 
these  confined  combusting  flows,  the  locations  of  zero  stress 
lines  do  not  coincide  with  those  of  zero  mean  velocity 
gradient  This  suggests  that  not  only  shear  stresses 
(producdoij^tetm)  but  also  normal  stresses  (dilaution  term  of 
the  form  u'  (dU/dr))  play  an  important  role  in  modifying  the 
turbulence  flowfield. 


Figures  Sa  and  5b  demonstrate  the  influence  of  increas¬ 
ing  the  approach  turbulence  intensity  from  2%  to  22%  on 
mean  and  rms  teirqieratute  fluctuations.  In  Fig.  5a,  centerline 
axial  distribution  of  temperature  is  shown.  It  is  found  that 
downstream  of  the  lear-sugnation  point  (x/L  »  I),  increasing 
turbulence  intensity  decreases  mean  temperature  somewhat 
and  increases  rms  temperature  fluctuations.  Figures  5b  shows 
radial  profiles  of  mean  and  rms  temperatures  at  high  approach 
turbulence  intensity.  It  should  be  noted  that  within  the  recir¬ 
culation  zone  (r/d  s  0.3)  values  of  C  and  C  remain  fairly 
constant.  However,  outtide  the  zone  (r/d  >  b.3),  the  mean 
value  gradually  falls  and  the  rms  value  rapidly  increases 
within  the  vicinity  of  the  flame. 

4.  Discussion 


Flame  Model:  From  the  temperature  profiles  of  Figs.  3  and  5, 
we  can  calculate  the  mean  temperature  gradient  (dC/dr)  and 
the  flame  thickness  S  corresponding  to  the  mean  flame  posi¬ 
tion,  C  «  0.5.  Figure  6  shows  plots  of  (9C/dr)  and  8  for  a 
bluff  body  with  BR  *  13%,  over  the  axial  distance  covering 
the  length  of  the  recirculation  zone.  It  is  observed  that  the 
radial  temperature  gradient  (dCydr),  which  is  negative 
throughout,  rises  steeply  within  x/L  ^  0-0.16  (note:  5  «  0.29 
mm  at  x/d  >  O.t)  and  then  maintains  a  fairly  constant  value. 
This  result  shows  that  the  ignidon  of  reacumts  and  the  estab¬ 
lishment  of  the  flame  by  the  heat  flux  transported  from  the 
recirculation  zone  are  achieved  within  16%  of  the  length  of 
the  recirculation  zone.  Downstream  of  this  ignidon-thin  flame 
region,  the  mean  temperature  gradient  remains  fairly  flat  but 
the  flame  thickness  condnues  to  increase  eventually  to  8  >  4.5 
nun  as  a  result  of  fresh-mixture  entrainment.  This  picture  of, 
inidally  a  thin  and  later  a  thick  flame  front,  enveloping  the 
reciiculadoR  zone  was  confirmed  by  CARS  temperature  pdf 
dau  of  Pan  et  al.  (1 1]  and  is  sketched  in  Fig.  7. 

In  Fig.  7,  we  observe  that  the  turbulent  combusdon  in 
the  teacdng  shear  layer  is  a  three-stage  preheat-ignidon- 
propagadon  process.  Near  the  base  of  the  Muff  body  and 
along  itt  edge,  the  flowing  reacttnu  are  preheated  and  ignited 
by  the  heat  flux  transported  radially  outward  from  the  recir¬ 
culation  zone.  A  thin  flame  that  conforms  to  the  "fast- 
chemistry"  assumpdons  sits  slightly  oblique  to  the  oncoming 
reactants.  Downstream,  the  temperature  remains  either  fa'uly 
constant  or  decreases  slightly,  i.  e..  dC/dr  s  0.  In  this  region, 
large-scale  coherent  structures  begin  to  grow  within  the  react¬ 
ing  shear  layer.  These  coherent  bodies  of  gas  arc  squeezed 
and  stretched  during  their  travel  through  the  flame  and  the 
entrainment  process  causes  their  growth  downstream  thereby 


Fig.  5:  Axial  and  radial  profllcs  of  non-dimensional  mean 
temperature  (reaction  progress  variable)  and  rms  tempera¬ 
ture  plotted  to  illustrate  the  influence  of  approach 
turbulence  intensity  on  scalar  fluctuations.  (BR  =  25%,  6 
=  45  degrees,  4  =  0.65,  and  U  =  15  nVs):  (a)  centerline 
profiles,  (b)  radial  profiles  for  I  =  22%. 


Fig.  6:  Temperature  gradient  and  turbulent  flame  thick¬ 
ness. 
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Fig.  7:  Schcnutk  dugram  illustrating  the  turbulent  flame 
structure  enveloping  the  recirculation  zone. 

thickening  the  flame.  Finally,  in  the  vicinity  of  the  rear  stag¬ 
nation  point,  the  flame  front  is  thick  (5  «  4.5  mm)  and  mass 
entrainment  of  fresh  reactants  is  the  dominant  mechanism  at 
work.  In  this  region,  large  remperanire  fluctuations  (C^>  2S%- 
35%)  are  measured  as  observed  in  Figs.  3c  and  5b. 

Lean  Blowout:  Table  I  shows  the  effects  of  equivalence  ratio 
on  the  calculated  reverse  mass  flow  within  the  recirculation 
zone  and  the  pressure  gradient  (dP/dx)  .  Notice  that  as  the 
equivalence  ratio  decreases,  the  magnituie  of  die  adverse  pres¬ 
sure  gradient  increases.  This  change  in  pressure  gradient 
augments  entrainment  and  increases  reverse  mass  flow  in  a 
linear  fashion  as  shown  in  Figure  8. 


Table  1:  Effects  of  equivalence  ratio  on  reverse  mass  flow 
and  mean  pressure  gradient:  (45 '  cone,  d  «  4.44  cm, 
BR-25%,aiidU  >15in/s). 


#  T,  L/d  W/d  m/m(dP/dx) 

^  ad  r  ft  vMx 

(K)  (%)  (psi/in) 

Cold  298  1.52  0.61  7. 13  0.49 

0.56  1590  2.36  0.64  1.86  0.14 

0.65  1755  2.00  0.63  I  20  0.07 

0.80  2000  1.40  0.63  0  60  0.00 

0.90  2130  1.32  0.63  0.55  -0.04 


TnrtMilciil  Ftenw  Propagation;  It  is  interesting  to  examine 
the  prt^gation  of  the  outer  turbulent  (iame  on  the  basis  of  the 
three-region  model  of  premixed  flame  developed  by  Ballal 
and  Lafebvre  ( IS)  and  the  criteiia  developed  by  Williams^  16). 
Fig.  10.3).  To  do  this,  we  computed  values  of  (u'/S, )  and 
(n/8)  at  (x/L  )  *  0.08, 0.40,  and  1.00  conesponding  to  oie  ap¬ 
proximate  mid-point  location  of  ignition,  (recirculation  lone) 
maximum  width,  and  rear  sugnation  point  regions  respec¬ 
tively.  Table  2  show^^  computed  result|^  ^biained  by 
assuming  that  X»  (10  vt)  '  andiis0.SX/(Re,)  '  fromHinze 
(17). 

Results  presented  in  Table  2  confirm  the  present  ex¬ 
perimental  observations  that  for  the  low  (2%)  approach 
turbulence  intensity;  (i)  the  ignition  region  I  corresponds  to  the 
thin-flame  region,  and  (ii)  downstream  of  this  region  cor¬ 
responds  to  the  thick  flame  region.  For  high  (22%)  turbulence 
case,  the  computations  suggest  the  presence  of  a  thick  flame 
front  throughout,  whereas  experiments  show  the  development 
of  a  thin  flame  in  the  ignition  region  followed  by  a  thick  flame 
downstream.  Thus,  compuutions  only  partially  confirm  the 
experimental  observations.  The  reason  for  this  is  that  the  thin- 
flame  and  the  coherent-eddy  development  regions  do  not 
entrain  reactant  or  product  mass  very  efficiently.  The  thin- 
flame  transport  is  dominated  by  molecular  diffusion  and 
Dimotakis  and  Brown  (18)  have  shown  that  coherent  eddies 
hold  freshly  entrained  fluid  intact  for  a  long  time  until  small- 
scale  turbulence  develops.  Thus,  only  in  the  vicinity  of  the 
rear  sagnaiion  point  do  the  processes  of  entrainment  and  thick- 
flame  development  become  feasible. 

5.  Condusiaiis 

The  effects  of  (finite-rate)  chemistry  and  approach  hir- 
bulence  intensity  have  been  investigated  for  a  Muff-body 
stabilized  turbulent  flame.  The  following  coiKlusions 
emerged. 

(1)  Faster  chemistry  (i.e.,  increasing  equivalence  ratio 
from  in  lean  extinction  limit  to  near-stokhiometiy)  decreases 
the  recirculation  zone  length  to  one-half  in  original  value. 
Also.  TKE  is  drastically  decreased  due  to  suppression  of  tur¬ 
bulence  by  dilaution.  Slower  chemistry  (near  lean  extinction 
limit)  produces  a  rapid  growth  in  temperature  fluctuations  just 
upstream  of  the  rear  sugnation  point. 

(2)  Increanng  the  approach  turbulence  intensity  drasti¬ 
cally  shortens  the  recirculation  zone  length  close  to  in  value  in 
the  cold  flow.  The  distribution  of  both  shear  stresses  and  TKE 
shifls  from  the  outer  periphery  of  the  recirculation  zone  to 
radially  inward  locatibns.  Finally,  higher  nvbulence  increases 
nns  lemperanire  fluctuations. 

(3)  The  flame  model  comprises  an  ignition-thin  flame 
region,  a  reacting  shear  layer  which  has  large-scale  coherent 
structure,  and  finally,  a  thick  flame  region  where  entrainment 
is  the  dominant  mechanism. 


Table  2:  Turbulence  parameters  characterizing  flame 
propagation  (15, 16);  (43  ‘  cone,  d  =  4.44  cm.  BR  =  25%. 

6  ^  0.36,  and  IS  m/s). 

Approach  turbulence  =  2% 


x/L  u’/S, 
r  L 

"'x 

Ti(mm) 

6/n 

Remarks 

0.08  3.0 

13 

O.IO 

3 

Thin-Flame 

0.40  2.0 

13 

0.14 

17 

Thick-Rame 

1.00  1.2 

10 

0.20 

23 

Thick-Rame 

Approach  turbulence  ^  22% 

0.08  33 

160 

0.03 

10  1 

0.40  22 

143 

0.04 

55 

Thick-Rame 

1.00  13 

110 

0.06 

75  1 

(4)  Lean  blowout  (finite  chemistry  effect)  occurs  be- 

cause  excess  entrainment  of  cold  reactants  in  the  thick  flame 
region  causes  flamelet  extinction  and  increases  the  adverse 
pressure  gradient  This,  in  turn,  increases  the  entrainment  of 
the  cold  reactant  mixture  and  quenches  the  flame  in  the 
(ueheat-ignition  region. 

(3)  Examination  of  turbulent  flame  propagation  on  the 
basis  of  previously  esttblishcd  criteria  reveal  many  similarities 
between  experimental  observations  and  predictions  with 
respect  to  the  existence  of  thin  and  thick  flame  regions. 
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UFTING  CRITERU  OF  JET  DIFFUSION  FLAMES 

Fl'MlAKI  TAKAHASHI  and  W  JOHN  SCHMOLL 
Vnivfrstty  oj'  Dayton 
Research  Institute 
300  College  Park 
Dayton,  Ohio  45469-0001 

The  lifting  mechanisms  of  methane/air  coflow  jet  difliision  flames  have  been  studied  based 
on  the  three-component  taser-Doppler  velocimetry  measurement  with  conditional  seeding 
under  near-liniit  conditions.  Three  distinct  types  of  flame  lifting  liehaviors  were  observed, 
i.e  .  (1)  the  lifting  according  to  the  flaine-ba.se  stability  mechanism  previously  proposed.  (2) 
the  lifting  Ibllowing  the  local  extinction  of  the  flame  zone  near  the  break-point,  occasionally 
associated  ivith  metastable  split  flames,  and  (3)  the  lifting  following  the  longitudinal  oscillatnry 
movement  of  the  flame  base.  The  first  type  was  observed  fur  a  fuel  tube  lip  thickness  less 
than  the  minimum  quenching  distance  of  the  methane/air  mixture;  the  latter  two  types  fur 
a  greater  lip  thickness.  The  conditional  LDV  measurement  has  revealed  that  the  local  ex¬ 
tinction  occurs  as  a  result  of  the  interaction  between  shear-generated  large-scale  vortices  and 
the  flame  zone,  which  is  formed  in  the  intermittent  boundary  region  of  the  turbulent  jet 
fluid  and  the  engulfed  external  fluid.  The  abrupt  changes  in  the  flow  pattern  in  the  recir¬ 
culation  zone  in  the  fuel-tube  wake,  when  approaching  to  the  lifting  limit,  suggest  that  the 
unstable  flame-base  movement  is  presumably  due  to  the  lean-limit  extinction  of  the  reactions 
in  the  flame-holding  zone.  Four  major  lifting  criteria  are  proposed  based  on  the  present 
observations  and  a  literature  survey,  and  a  critical  assessment  is  made  to  ckuify-  the  effects 
of  burner  conflgurations  and  fuel  types. 


Introduction  the  flame  base.  Although  there  is  a  different  view''* 

of  the  limit,  however,  that  lifting  is  resulted  fivm 
The  flame  stability  limits  essentially  define  op-  flame  extinction  due  to  high  strain  on  the  flame,  it 

erational  boundaries  of  a  combustion  system.  The  is  questionable  whether  this  concept  is  applicable 

critical  conditions  at  the  stability  limits  are  highly  to  the  very  end  of  the  diffusion  flame,  i.e..  the  flame 

dependent  on  geometric  and  flow  configurations  and  base. 

to  some  extent  types  of  fuels  as  well.  Although  var-  By  using  methane  flames.  Eickoff  et  al.'*  con- 
ious  stability  phenomena  of  jet  diffusion  flames  have  eluded  that  lifting  is  caused  by  the  flame  extinction 

been  studied  in  a  variety  of  burner  systems  for  over  due  to  the  interference  of  a  vortical  motion  with 

four  decades  since  early  investigators,''^  the  lifting  the  flame  front  at  several  jet  diameters  down- 

mechanisms  of  bumer-rim-attoched  flames  have  re-  stream.  Coats  and  Zhao'^  followed  this  conclusion 

ceived  less  attention  as  compared  to  recently-  and  reported  distinct  lifting  behaviors  between  tube 

reriewed  attention  to  the  blowout  criteria  of  lifted  and  nozzle  burners.  On  the  other  hand,  Collahalli 

flames  ■*''  Thus,  there  still  exists  some  txmfusion  as  et  ai.'*  and  Shekarchi  ct  al.'^  used  propane  ajwj  re- 

ti>  the  i-auses  of  lifting  ph<-nom<'na  |X>rted  that  lifting  is  a  laminar  flame  proc-ess  al  the 

It  has  king  lieeii  s|M‘culaled''  that  (here  must  lie  flame  base,  supporting  the  pn'vious  observations  by 

a  flame  veiucity  in  tlie  |)rcmucd  /one  m-ar  tin*  flaini-  Takahashi  et  al.'"  Rixvnt  results  by  Chen  and  Goss*'* 

liase.  which  causes  the  ixiinbnstioii  process  to  pnifv  revealed  different  lifting  liehaviors  iH'lween  meth- 

agalc  ibiwnwards  against  the  g;Ls  stream,  llins  pre-  ane  ;ind  propaiH-  flames  Uie  local  flame  extinctimi 

venting  lifting.  By  using  extensive  experimental  has  Uyn  known'* to  meiir,  primarily  for 

results'-*'  on  the  flame  stability  and  structure,  in-  hvdrogen  flames,  due  to  the  excess  transport  rale 

chiding  the  la.ser-l>ippl<‘r  measurement.'^  for  var-  compared  to  the  reaction  rate  al  the  Iraiisitioii  point 

Nius  types  of  fuels,  this  hypothesis  has  been  ex-  to  turbulent  flame. ^  The  local  extinction  occasion- 

tended  to  a  more  concrete  lifting  mechanism'^  ally  leads  to  split  flames,  i.e..  a  small  near-burner- 

based  on  a  balance  between  the  entrained-stream  rim  flame  and  a  lifted-like  flame  downstream.'''^ 

velocity  and  the  local  maximum  burning  velocity  at  The  occurrence  of  the  local  extinction  and  split 
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flames  is  dependent  on  the  burner  port  lip  thick¬ 
ness.'*  diameter,'***  shape'*  ''  whether  a  contour 
nozzle  or  straight  tube.  ^  the  fuel  type.''* 

The  principal  purpose  of  this  study  is  to  gain 
better  undentanding  on  the  critical  conditions  for 
lifting,  to  classify  various  lifting  behaviors  into  sev¬ 
eral  criteria  based  on  the  present  and  previous  re¬ 
sults  by  the  authors  and  the  literature  survey,  and 
to  make  a  critical  assessment  on  the  effect  of  each 
experimental  parameter  on  the  physical  mecha¬ 
nisms  responsible  for  lifting. 

Experhnenlal  Tcchniqiies 

Melhaiw  (>98%)  was  injected  vertically  upward 
from  a  straight  fuel  tube  (9.45  mm  i.d.  x  806  mm 
length)  with  different  lip  thickness  (S  =  0.2,  1.2, 
and  2.4  mm)  together  with  coflowing  air  issuing  from 
a  concentric  annulus  channel  constituted  of  the  fuel 
tube  and  an  outer  air  tube  (26.92  mm  i.d.)  into  a 
low-speed  (fixed  at  0.5  m/s)  general  air  stream  in 
a  oombustian  chimney  (150  x  150  mm  square  cross- 
section  with  rounded  comers,  483  mm  length).  The 
outer  wall  of  the  fuel  tubes  with  lip  thicknesses  of 
0.2  and  1.2  mm  are  tapered  at  a  half  cone  angle  of 
2  degrees  with  respect  to  the  burner  axis. 

The  flame  stability  limits  were  measured  by  in¬ 
creasing  the  fuel  flow  rate  gradually  under  a  fixed 
annular  air  flow  rate  until  the  bumer-rim-attached 
flame  lifted  typically  several  tube  diameters  above 
the  burner  tube  (lift)  or  the  attached  flame  extin¬ 
guished  (hlowoff).  A  taiktr-made  three-component 
la.ser- Doppler  vekKimeter  used  is  dcscrilx-d  in  de¬ 
tail  elsewhere.** 


Results  and  Discussion 
Stohilily  Limits: 

Figure  1  shows  the  stability  limits  of  jet  diffusion 
flames  formed  on  the  fuel  tubes  with  various  lip 
thicknesses.  For  both  the  sharp-edged  (5  =  0.2  mm) 
and  moderate  (1.2  mm)  lip  thicknesses,  the  critical 
mean  jet  velocity  at  lifting  (U^)  with  no  coflowing 
annular  air  was  approximately  22  m/s  (Reynolds 
number,  =  12^)  and  maintained  constant  over 
a  very  low  mean  annular  air  velocity  range  (U,  < 
0.12  m/s).  In  this  range,  the  intensity  of  the  blue 
flame  emission  vanished  locally  near  a  breakpoint 
(x  =  10-20  mm)  where  the  laminar  flame  turned 
to  "turbulent"  (wrinkled  laminar)  flame.  This  region 
eventually  became  a  hole  in  the  flame  zone  (the 
local  extinction).  As  the  quenched  area  expanded 
all  around  the  flame  cross-section,  the  wlmle  flame 
lifted.  The  metastable  split  flame  was  observed  just 
prior  to  lifting.  By  contrast,  at  higher  annular  air 
velocities  beyond  this  range,  the  flame  base  lifted 


(m/B) 

Fic.  1.  Effect  of  lip  thickness  on  the  stjl>ility  lim¬ 
its  of  methane/air  coflow  jet  diffusion  flames.  Up 
thickness:  O#.  0.2  inm;  1.2  mm;  O#,  2.4  mm. 
Open:  lift,  filled:  blowoif.  ▼.  Ex|)enmenlal  condi¬ 
tions  for  the  LO\'  mea.suremcnt. 


aluuptly  without  the  local  extinction,  similar  to  the 
results  reported  previously.*  '*''*  These  distinct  flame 
stability  behaviors  observed  can  be  categorized  into 
two  types,  i.e.,  the  lifting  controlled  by  the  flame 
base  (Type  1)  and  the  lifting  controlled  by  the  local 
extinction  at  the  breakpoint  (Type  II).  Tbe  critical 
mean  jet  velocity  decreased  markedly  as  the  an¬ 
nular  air  velocity  was  increased,  similar  to  coflow 
hydrmten  flames  studied  previously.**  TTlie  flame 
.stability  )x.‘havior  for  5  =  12  mm  was  similar  lo 
that  for  0.2  mm  except  for  the  ex|>ande(l  Imrner- 
rim-attached  region.  For  higher  annular  air  and 
lower  critieal  mean  jet  velocities,  the  flainr'  blew  olT 
abruptly  instirad  of  lifting.  iM't'jiise  no  stable  lifted- 
flame  conditon  was  realized  down.streani  due  to  ex-, 
cess  dilution  of  the  fuel  by  air. 

In  contrast  to  these  thin  lip  thicknesses,  dramatic 
changes  in  the  stability  behavior  were  observed  for 
8  =  2.4  mm.  At  zero  annular  air  velocity,  the  crit¬ 
ical  mean  jet  velocity  was  approximately  19  m/s. 
The  local  extinction  was  observed  as  well  just  prior 
to  lifting  (Type  II)  for  U,  <  0.12  m/s,  although  the 
split  flame  was  not  recognized.  The  attached-flame 
region  expanded  markedly.  In  the  range  of  0. 12  < 
1),  <  1.9  m/s,  the  flame  base  lifted  abruptly  (Type 
I),  but  the  local  extinction  lifting  (Type  II)  re¬ 
appeared  at  higher  annular  air  velocities  (U,  >  1.9 
m/s).  It  is  notable  that  at  U,  >  2.1  m/s,  there 
ap|M.'ared  a  knver  branch  of  tlu-  .stalnlily  limit  curve. 
Apparently,  this  flame  stability  licliavior  is  con¬ 
trolled  by  the  flame-base  holding  in  tlic  thick-walle<l 
fuel-tulw  wake,  different  from  the  two  types  de¬ 
scribed,  and  is  categorized  as  Type  III.  The  lower 
branch  was  obtained  by  increasing  the  annular  air 
velocity  instead  of  the  jet  velocity. 
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Type  I:  Flame  Base  Stability  Lifting: 

Type  1  is  the  lifting  behavior  most  commonly  ob¬ 
served  for  thin-walled  fuel  tubes  and  controlled 
by  the  fiamu  base.  Since  the  physical  mechanism 
for  Type  1  has  extensively  been  studied  previ- 
ously,®'**'*^  we  will  not  pursue  it  further  in  this  pa¬ 
per.  The  lifting  mechanism  proposed is  based 
on  a  balance  between  the  entrained-stream  velocity 
at  the  flame  liase  and  the  local  maximum  (laminar) 
burning  velocity  obtainable  when  mixing  the  jet  and 
oxidizing  fluids.  Here,  the  effects  on  the  local  burn¬ 
ing  velocity  of  both  the  lowered  temperature  at  the 
flame  base  and  the  density  ratio  of  unbumed  to 
burned  gases  should  be  considered.  The  basis  of  die 
stability  model  is  the  finding"’  that  there  exists  a 
small  laminar  flame  in  the  vicinity  of  the  flame  base 
even  at  the  lifting  limit  and  the  main  body  of  the 
flame  is  fully  turbulent. 


Type  II;  Local  Flame  Extinction  Lifting: 

To  understand  in  more  detail  the  critical  condi¬ 
tion  for  Type  II  lifting  caused  by  the  breakpoint 
flame  extinction,  the  laser-Doppler  velocimetry 
measurement  was  made  in  the  near-exit  region  of 
the  flame  for  d  =  2.4  mm  under  near-lifting  con¬ 
ditions  (U^  =  15  m/s.  Re,  =  8440;  U,  =  3  m/s; 
see  Fig.  1).  The  fully-developed  turbulent  pipe*flaw 
was  ejected  from  the  fitel  tube.  Figures  2-5  show 
th<‘  radial  profifos  of  tlu-  axial  (U)  anti  radial  (V)  mean 
(time-averaged)  velocity  compoiumts,  the  kinetic 
energy  of  turbulence  {q  =  (u^  +  t)'*  +  ui’*)/2).  and 
the  Reynolds  shear  stress  at  three  different  heights 
from  the  jet  exit.  The  locations  of  the  (average)  vis¬ 
ible  flame  zone,  measured  visually  by  using  a  cath- 
etometer,  are  included  in  the  figures  as  well.  The 
conditional  data  sampling^  was  made  by  seeding 
particles  into  only  the  fuel  jet  or  only  the  coflow 
air.  The  axial  mean  velocity  profiles  (Fig.  2)  show 
the  spreading  of  both  the  jet  and  turbulent  mixing 
layer  where  the  particles  fiom  the  jet  or  coflow  ex¬ 
ist  intermittently.  The  laminar  flame  base  was  an¬ 
chored  in  the  immediate  wake  of  the  fuel  tube  at 
z  =  0.9  mm.  At  z  =  5  mm,  the  flame  base  was 
still  laminar,  residing  in  the  outside  of  the  turbu¬ 
lent  shear  layer  of  the  jet.  As  the  jet  spread  down¬ 
stream  |z  =  15.  25  mm),  the  (average)  visible  flame 
zone  entered  into  the  Imiindary  region  of  the  in¬ 
termittent  layer  and  became  thicker,  indicating  the 
transition  to  turbulent  flame.  The  conditunaed  data 
show  that  the  fluid  elements  from  the  jet  are  foster 
than  those  from  the  cofluw  on  the  average  The  ra¬ 
dial  mean  velority  cumpiment  profiles  (Fig.  3)  show 
more  striking  features,  revealing  that  the  fluid  ele¬ 
ments  from  the  jet  are  flosving  outsvard  un  the  av¬ 
erage  and  for  those  from  the  coflow  they  are  vice 
versa,  even  near  the  (lame  zone,  suggesting  the  ex¬ 
istence  of  large-scale  vortical  motion.  This  result 


FiC.  2.  Radial  profile  of  the  axial  mean  velocity 
component  in  a  near-lifting  (Type  11)  flame.  - 
15  m/i,  U.  =  3  m/s.  VV,  s  =  5  mm;  O#,  z  * 
15  mm;  O^,  z  >  25  mm.  Open:  conditioned  on  jet 
seed;  filled:  annulus  air  seed. 


appears  to  be  consistent  with  the  physical  picture 
of  large-scale  turbulent  structure  in  the  shear 
layer.*-''  The  profiles  of  the  turbulent  kinetic  en¬ 
ergy  (Fig.  4)  and  the  Reynolds  shear  stress  (Fig.  5) 
show  sharp  peaks  which  are  coincident  with  loca¬ 
tions  of  the  higli-shear  (high  U -gradient)  region  (sec 
Fig.  2).  Therefore,  the  production  of  the  turbulent 
kinetic  energy  is  throu^  the  term  of  a  product  of 
the  Reynolds  stress  and  the  shear  strain.  At  the 
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9 

s 


s 
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Fic.  3.  Radial  profile  of  the  radial  mean  velocity 
component  in  a  near-lifting  (Type  II)  flame.  = 
15  m/s.  U.  =  3  m/s.  VT,  z  =  5  mm;  O#.  z  = 
IS  mm;  O^,  z  =  25  mm.  Open:  conditioned  on  jet 
seed;  filled:  annulus  air  seed. 
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FiC.  4.  iUdial  profile  of  the  turbulent  kinetic 
energy  in  •  near-lifting  (Type  II)  flame.  U^  =  15 
m/i.  U.  “  3  m/».  VV,  z  «  5  mm;  O#,  z  =  15 
mm;  z  >  25  mm.  Open:  conditioaecl  on  jet 
seeil;  fitted:  annulus  air  seed. 


edges  of  the  intermittent  boundary  region  where 
the  visible  flame  zone  resides,  the  intermittency  of 
the  turbulent  jet  fluid  vanishes,  and  thus  it  is  a  rel¬ 
atively  rare  event  that  the  jet  fluid  element  reaches 
to  the  flame-zone  location.  The  jet  fluid  elements 
have  several  times  higbet  tuibulmt  kinetic  energy 
than  those  of  co-flow  near  the  visible  flame  zone 
(Fig.  4)  and  must  consist  of  nearly  pure  hicl  at  these 


Fig.  5.  Radial  profile  ol  Ihe  Reviitikls  M-ai  stress 
in  a  near-lifting  (Type  II)  flame.  U,  -  l.l  m/s.  U. 
=  .3  m/s.  VT,  z  -  .5  mm.  f  >9,  i  =  l.'i  mm. 

S  ^  25  inm  Open  ouiilitifinid  <iii  j<-t  s<-e<l.  filled, 
annulus  air  seed. 


heights  {z/il  <  3).  Tliereliire.  when  the  largi'-si'ale 
vortex  ol  the  jet  llnid  is  ejected  radially,  the  llaiiie 
zone  mii.sl  be  quenched  liK-ally  as  the  iiistantaneoiis 
flame  surface  is  forced  to  shift  outward  due  to  the 
high  fuel  coneentration  and  stretched  out  due  to 
the  engulfment  motion  of  the  large-scale  vortices 
and  perhaps  the  small-scale  (pipi'-flow)  turbiilenee 
of  the  jet  flnid  itself. 


Type  III:  Lean-Limit  Extinction  Lifting. 

To  investigate  Type  111  lifting,  the  LD\'  mea¬ 
surement  was  made  in  the  immediate  wake  of  the 
thick-walled  fuel  tube  at  two  different  mean  jet  ve¬ 
locities  (see  Fig.  1)  just  btrfore  (U,  -  7  m/s)  ;ind 
after  (Uj  =  6  m/s)  the  unstable  flame-base  move¬ 
ment  started,  as  approaching  to  the  stability  limit 
by  decreasing  L’j.  Figure  6  shows  the  velocity  ve«-- 
tor  fields  in  the  flame  stabilizing  region.  At  Vj  = 
7  m/s  (Fig.  6a),  the  laminar  flame  base  was  an¬ 
chored  at  the  rear  end  of  the  recirculation  zone  in 
the  wake  at  :  =  1.1  mm,  where  the  axial  mean 
velocity  vanished.  The  fuel  molecules  must  diffuse 
radially  towards  the  flame  zone  and  into  the  recir¬ 
culation  zone  where  premixed-type  combustion  re¬ 
actions  must  be  taking  place.  The  diffusion  flame 
base  must  be  connected  to  the  hot  recirculation 
zone.  Thus,  the  flame  formed  on  the  thick-walled 
fuel  tube  is  much  more  stable  as  compared  to  the 
thinner  tubes.  The  mechanism  of  Type  111  lifting 
can  be  speculated  as  follows.  As  the  annular  air  ve¬ 
locity  is  increased  at  a  fixed  fuel  jet  veliwity.  (he 
(lux  of  air  coining  info  the  recirenlalion  /.one  mn.st 
increase  due  to  the  inerea.sed  conviftivi-  velocity, 
while  the  fuel  flux  remains  unchanged  Tims  the 
local  equivalence  ratio  in  the  zone  must  deere;ise. 
Consequently,  the  piefnre  of  flame  bolding  de¬ 
scribed  above  must  lx'  broken  as  the  reactions  in 
the  recirculation  zone  cease  by  approaching  the  lean 
flammability  limit.  As  a  result,  the  flame  base  be¬ 
comes  unstable  locally  along  the  fuel  tube  exit  cir¬ 
cle,  thereby  locally  oscillating  up  and  down  (in  the 
range  of  1  <  :  <  3.7  mm,  see  Fig.  6b),  eventually 
leading  to  lifting.  The  flow  pattern  in  the  wake 
changed  significantly  (see  Fig.  6b):  the  recirculation 
zone  was  elongated  lengthwise  (z:  from  1.2  to  1.8 
mm)  and  the  highest  point  where  reverse  flow  oc¬ 
curred  increased  as  well.  In  (he  case  where  the  flame 
base  moved  to  the  upper  position  (see  Fig.  6b),  the 
flow  pattern  around  the  flame  base  is  similar  to  that 
in  the  near-limit  flame  formed  on  the  sharp-edged 
fuel  tube.'*  ^  hut  the  axial  mean  velocity  compo¬ 
nent  eiilraiiied  into  the  flame  base  al  this  height 
(—0.,')  iii/s)  IS  nineli  larger  than  the  critical  v.iliic 
hir  mi'tlianc  flames  lornuil  on  a  sharji cdgi-il  (iiIm- 
(  0  23  m/s)  "  “'  nM  •irliirr,  il  (Iw  flame  Lisc  movi's 
up  to  this  liciglil  t  1  nun)  all  along  the  IiiIk-  lip 
circle,  the  whole  fl.inii-  iinisl  lilt  tyini  ally  si-vcral  jcl 
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Fic.  6.  Velocity  vector  fields  in  the  stabilizing  re¬ 
gion  of  near-lifting  (Type  III)  flames  I'.  =  3  m/s. 
(a)  t'l  7  ni/s  (li)  II,  =  6  ni/s 

diameters  downstream  to  form  a  turbulent  flame 
base. 

Lifting  Criteria: 

The  various  flame  stability  behaviors  observed  in 
this  study  may  be  used  as  a  frame  work  to  classify 
various  observations  Iragmentarily  reported  in  the 
literature  into  several  lifting  criteria  and  to  examine 
the  experimental  conditions  for  each  criterion.  Ta¬ 


ble  I  shows  a  summary  of  the  lifting  criteria  and 
experimental  configurations  including  present  ol)- 
servations  and  the  results  found  in  previous  re¬ 
ports.  The  flame-base  stability  lifting  (Type  1(a))  has 
been  studied  most  extensively,  and  the  lifting 
mechanism  has  been  proposed. 

Type  1(a)  has  been  observed  in  both  tuln*  and 
nozzle  burners  for  a  wide  range  of  burner  diame¬ 
ters,  a  variety  of  fuels,  but  mostly  for  thin  lip  thick¬ 
nesses.  The  recent  observations  on  the  lifting  of 
methane  flame  due  to  "invasion"*^  of  the  laminar 
flame  base  by  pipe-flow  turbulence  in  the  central 
gas  jet  may  be  categorized  as  a  variabon  cd'  the  flame- 
base  stability  lifting  (Type  1(b)).  since  the  distur¬ 
bances  caused  by  the  pipi-  flow  turlnilencr'  must 
break  the  stabilization  balance  at  the  flame  ba.\e. 
This  anomalous  lifting  appears  to  be  due  to  prop¬ 
erties  of  methane,  which  leads  to  higher  tendency 
to  lift,  i.c.,  low  reaction  rate  and  high  stoichio¬ 
metric  concentration  (9.5  vol.%).  which  shifts  the 
flame  zone  in  closer  proximity  to  the  shear  layer, 
thereby  making  it  more  susceptible  to  the  pipe-flow 
disturbances. 

The  breakpoint  extinction  lifting  behaviors 
(Type  II)  can  be  further  classified  into  three  sub¬ 
categories  depending  on  the  £ite  of  the  split  flame 
resulted  fiom  the  local  extinction:  a)  the  local  ex¬ 
tinction  causes  flame  lifting  imroediateK-.  b)  the  lo¬ 
cal  extinction  leads  to  a  stable  spht  flame,  and  then 
the  blowoff  of  the  rim  flame  results  in  the  hftmg. 
and  c)  the  lifted  part  of  the  stable  spbt  flame  blows 
out  first,  thus  leaving  a  residual  rim  flame,  which 
then  blows  off.  Type  11(a)  has  been  observed  onW 
for  methane  flames,  probably  because  of  the  same 
reasons  described  fiir  Type  i(b).  Type  11(a)  has  been 
seen  if  the  flame-base  stability  is  secured  at  either 
very  low  coflow  air  velocities  (<0.17  m/s)  for  the 
chamfered  nozzles  and  thin-lip  tubes  or  high  coflow 
velocities  (<1.9  m/s)  for  a  thick-lip  (2  4  mm)  tube 
Type  11(b)  has  been  reported  for  various  fules.  Type 
11(c)  for  hydrogen  only  except  for  city  gas  in  a  high 
temperature  air  flow.  Hi^  reaction  rate  of  hydro¬ 
gen  enabled  to  sustain  the  rim  flame.  The  lean-limit 
extinction  bfting  (Type  III)  occurs  for  thick-walled 
tubes  for  both  methane  and  hydrogen 

The  lip  thickness  of  the  fuel  lube  is  a  critical  fac¬ 
tor  ill  terms  of  whether  Type  I  or  Types  II  and  III 
occurs.  Tlie  critical  lip  thickness  for  these  behaviors 
ap|)cars  to  be  comparable  to  the  minimum  quench¬ 
ing  distance  of  each  fuel/air  mixture  (hydrogen,  0.6 
mm;*  methane,  2  mm;^'  propane,  1.7- mm)^'  as  it 
relates  to  the  minimum  mixture  volume  required 
for  sustaining  premixed  combustion  in  the  recir¬ 
culation  zone. 

An  additionai  lifting  phenomenon  (Type  IV)  is  the 
one  for  the  aerated  (lames  observed  by  Vranos  et 
al.  This  type  of  flames  is  non-luminous  small  flame 
formed  in  the  immediate  downstream  of  the  fuel 
tube  exit  under  the  conditions  of  very  high  coflow 
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air  velocih'  and  very  low  fuel  jet  velocity.  It  can  be 
speculated  that  a  recirculation  zone  is  ibnned  in  the 
immediate  wake  of  the  fuel  tube  exit  including  the 
near-axis  region  where  combustion  reactions  occur 
in  a  well-mixed  manner.  Therefore,  the  flame  lift¬ 
ing  must  be  caused  by  increasing  the  fuel  jet  ve¬ 
locity  such  that  the  jet  penetrates  and  breaks  the 
recirculation  zone,  thus  ceasing  the  reactions. 


Conclusions 

The  current  observations  and  the  literature  sur¬ 
vey  of  the  stability  behaviors  of  jet  diffusion  flames 
have  lead  to  four  major  lifting  rrteria  and  several 
sub-categories,  depending  on  the  burner  port  ge¬ 
ometry,  flow  conditions,  and  fuel  types.  Type  I;  the 
lifting  controlled  by  the  flame  hai  due  to  |al  the 
imhalance  Iwtwefn  the  entraincd-stream  vckicity  and 
the  local  maximum  burning  velocity  and  (b)  th<-  flow 
field  disturbances  by  pipe-flow  turbulence.  Type  II: 


the  lifting  controlled  by  (a)  the  local  flame  extinc¬ 
tion  at  the  breakpoint  due  to  the  high  strain  on  the 
flame  by  the  shear-generated  large-scale  vortices, 
(b)  subsequent  blowoff  of  the  rim-part  of  the  split 
flame,  or  (c)  blowout  of  the  lifted  part.  Type  III: 
the  lifting  controlled  by  the  flame  holding  in  the 
immediate  wake  of  a  thick-lip  fuel  tube.  Type  IV: 
the  lifting  of  aerated  wake  fimnes.  The  present  re¬ 
sults  of  the  LDV  measurement  shed  light  on  Types 
Ufa)  and  III.  Further  studies  are  desirable  to  de¬ 
termine  in  detail  the  physical  processes  and  the 
critical  conditions  for  each  lifting  criterion. 
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EFFECTS  OF  SWIRL  ON  HIE  STABIUTY  AND  TURBULENT  STRUCTURE 
OF  JET  DIFFUSION  FLAMES 


F.  Takahashi,*  WJ.  SchmoQ,**  and  MJ>.  Vangsness** 
Univenity  of  Dayton,  Dt^ton,  Ohio 


Ahstmrt 

The  lifting  stability  and  turbulent  flow  charac* 
teristics  have  been  stwfled  in  smiling  coflow  jet  di£Fuaon 
flames  by  u^ing  a  three*component  laser-Do^kr  veloci* 
meter  conditional  seeding.  Methane  was  ejected 
from  a  fuel  tube  with  swiriing  co-annulai  air  into  a  low* 
speed  coflowing  air  stream  in  a  combustion  cfaimnqr.  For 
a  hp  rhiflntft-ts  less  rh*a  the  minimum  quenching  distance 
of  ^e  methane/air  mixture,  an  increase  in  the  annular  air 
velodty  decrea^  maricedly  the  critical  mean  jet  vdodty 
at  lifting,  althouc^  strong  swirl  the  flame 

stability  significaiifly.  For  a  larger  Hp  thidmess,  however, 
the  impact  of  swirl  on  the  su^ty  limit  was  relatively 
weak,  because  the  reorcalation  xone  m  the  wake  of  the 
fuel  tube  and  the  local  flame  extinction  were  predominant 
in  determining  the  flame  stability.  Three  major  lifting 
criteria  are  proposed.  The  comhtioned  velocity  data 
voder  the  near*lifting  condition  revealed  that  large-scale 
vortices  with  the  hig^  ^btorted  turbulent  structure  and 
high  turbulent  kinetic  energy  exist  adjacent  to  the  flame 
zone  in  the  mtermittent  boundary  region  of  the  jet  and 
the  entrained  external  fluids.  The  local  extinction  and 
subsequent  lifting  appear  to  occur  as  a  result  of  the  flame 
stretch  due  to  the  engulftnent  motion  of  the  large-scale 
vortices  of  the  fuel-ri^  jet  fluid. 


Intrndngflon 

Swirl  has  been  widely  used  in  various  combustion 
systems  such  as  gas  turbine  engines  and  industrial 
furnaces  to  enhance  the  flame  stabilization,  fiiel-air 
mixing,  and  combustion  intensity.  De^e  numerous 
studi^*^  of  the  effect  of  swirl  on  various  aspects  of 
combustion  aerodynamics,  mechanisms  of  various  flame 
stal^ty  phenomena  (e.g.,  lift,  dropback,  and  blowout) 
and  the  impact  of  swirl  on  tte  turbulent  properties  of 
flames  have  not  been  dearly  understood.  Although  the 
stalnlity  phenomeiu  o(  non-swirling  jet  diffusion  flames, 
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blowout  in  particular,  have  recently  received  growing 
ntfftnriftn  as  they  relate  to  the  turbulent  flame  structure 
of  the  lifted  flame  base,  only  few  results  have  been 
reported”***  to  date  on  the  stability  of  swiriing  jet 
diffusion  flnmeit  In  general,  swirl  promotes  efficient 
turbulent  and  combustion.  However,  recent 

studies***”  have  shown  a  counter  effect  of  swirl  as  well, 
Le.,  retardation  of  turbulent  «"™ng  and  combustion  under 
certain  conditions.  Further,  recent  devdopment  of 
numerical  modeling  of  turbulent  combusti^^e.g.,  the 
inobalrility  denrity  functions  (pdf)  method**^  in  par¬ 
ticular,  hu  made  it  possible  to  appfy  models  to  more 
oompln  combustion  systems  such  as  smrling,  turbulent 
nonpremixed  flames.  Therefore,  revealing  the  effect  oi 
swirl  on  various  stalnlity  phenomena  and  their  controlling 
mechanisms  as  well  as  producing  bench-mark  e:q>erimen- 
tal  data  on  turbulent  properties  under  nonpremixed 
combustion  conditions  are  of  essential  importance  in 
developing  turbulent  combustion  models  which  eventually 
lead  to  successful  developmental  efforts  in  advanced 
combustor  designing  This  paper  reports  the  results  of 
the  stability  lim^  of  swirling  and  non-swirling  coflow  jet 
diffiirion  flames  and  tbe  mean  and  fluctuating  velocity 
properties  obtained  by  using  the  three-component  laser- 
Doppler  velodmetiy  technique  vrith  conditional  seeding 


ExpcrimeBtal  Ti-chntquea 

Hgure  1  shows  a  schematic  of  the  configuration 
of  the  combustor  system  used.  The  burner  consists  of  a 
fuel  tube  (9.4S  mm  Ld.  x  806  nun  length;  stainless  steel) 
and  a  concentric  air  tube  (26.92  mm  Id  x  769  mm  length; 
stainless  steel)  through  vriiich  aimular  coflowing  air  flows, 
centered  in  a  vertical  combustion  chimney  (150  x  150  mm 
square  aoss-secdon  with  85-mm-radius  rounded  comers 
z483  mm  length)  in  which  low-speed  (-0.5  m/s)  external 
coflowing  air  fle^  Three  fuel  tid)es  with  Cerent  exit 
Kp  thicknesses  (<32,  12,  and  2.4  mm)  were  used.  The 
outer  wall  of  the  former  two  fuel  tub«  and  the  air  tube 
are  tapered  at  a  half  cone  an^e  of  2  degrees  with  respect 
to  tbe  burner  axis.  A  helical  vane  swirler  unit  is  placed 
in  tbe  annular  channel  brtween  the  fuel  and  air  tubes  at 
96  mm  upstream  from  the  burner  tube  exit  Table  1 
shows  tbe  design  data  of  four  swirler  units  and  a  straight 
vane  unit  used.  The  combustion  chimney  has  quartz 
windows  (76  x  457  mm)  on  all  sides  to  permit  visual 
observations  and  laser  diagnostics. 
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Tabic  1  Swirkr  onit  dcaigD  data 


Vane  helix 

t 

Number  of 
vanes 

Arial  vane 
length 
(mm) 

Oemnetric 
swirl  number 

0 

10 

26.9 

0 

15 

10 

3L8 

051 

30 

8 

265 

0.45 

45 

6 

26.9 

0.78 

60 

4 

265 

L34 

The  flame  stability  limits  were  measured  as 
fdlows.  Uader  a  fixed  annular  air  flow  rate,  the  fuel 
(methane  >SI8%)  flow  rate  was  increased  gradually  until 
the  bumer-rim  attached  flame  lifted  several  diametea 
above  the  burner  (lift)  or  just  extinguished  (blowc^. 
Under  certain  conditio^  tlw  annular  air  flow  rate  was 
increased  instead  of  the  foel  flow  rate. 

A  tailor<made  three>compooeat  laser-Ooi^ier 
velodmeter  system  consists  of  a  three<beam  twD<om> 
pooent  (vmti^  and  ra<fiaO  set  using  a  514  J  nm  line 
an  argon  ion  laser  (Spectra  Pfaysks,  18W)  with  a  cmn* 
pooent  separation  basM  on  the  polarization  princ^le  and 
a  two-bem  third-component  (tangential)  set  nang  a 
4884)  mn  fine  of  the  a^on  km  laser  with  separatkm  by 
color.  The  axis  of  the  third  component  lasm  beams  is 
perpewficular  to  that  of  the  first  a^  second  components, 
and  flius  the  size  of  the  measuremmit  volume  is  mini¬ 


mized  (approximately  125  x  250  pm  diameter  in  the 
directions  of  the  first  two  and  third  components,  respec- 
dv^).  Counter-type  signal  processors  (TSI 1990C)  and 
a  t^or-made  cornddmice  electrtmics  draut  and  a 
computer  input/output  intm&ce  module  were  used.  The 
data  acqmsition  and  processing  were  performed  by  uang 
a  minicomputer  (MODCOhO*  Oa^  32/85)  and  a 
microcomputer.  The  number  of  LDV  data  acqiured  at 
each  location  was  4096,  and  a  portion  (typically  -2%)  of 
the  data  was  filtered  out  further  by  the  use  of  a  computer 
program  based  on  the  S-sigma  (standard  devi^ion) 
method  and  a  software  coincidenoe  test  Submicron-size 
2^  (Zircar  Products,  Type  ZOP,  crystallite  size:  0.02- 
0.03  pm,  agglomerate  size  distribution:  <0.1  pm,  30%; 
<0J  pm,  50%;  <0J  pm,  72%;  <0.7  pm,  85%;  <1  fm, 
97%,  su^oe  area:  30-45  ar/g)  was  u^  as  seeding 
particles  for  scattering.  The  particles  were  sieved  and 
dried  in  an  oven  at  J20  C  for  at  least  24h  prior  to  the 
experiment  A  novel  particle  seeder  utiliring  a  fluidized 
b^  with  swirl-iadudng  jets  and  a  pneumatic  vibrator  was 
developed  to  achieve  a  good  control  over  the  seeding 
rtte. 


Bamlta  aad  Dfacnaslon 

StnhUlty  Umite 

Share-edged  Fnel  Tube  Figure  2  shows  the 
critical  mean  jet  velocity  at  the  stability  limit  (Up  of 
methane/air  coflow  jet  diffusion  flames  fotm^  m  a 
sharp-edged  (0  mm  lip  thickness)  fuel  tube  as  a  function 
of  t^  mean  annular  coDow  air  vdodty  (UJ  for  various 
swirler  vane  angles.  At  zero  annular  air  velociQr,  the 
critical  mean  jet  velocity  was  appraadmatefy  22  m/s  and 
maintained  nearfy  constant  over  a  very  low  mean  annular 
air  velocity  range  (U,<0.12  m/s).  The  flame  behavior  m 
this  range  is  similar  to  that  m  non-swirling  cases  reported 
ebevriiere.^  The  flame  lifting  occurr^  foDowiag  the 
instability  at  the  breakpoint  region  (z«  10-20  mm)  for  the 
laminar-to-turbulent-flame  tranrition,  assodated  with 
vanishing  mtensity  of  the  blue  flame  emisaon,  which 
eventually  turned  into  a  hole  m  the  flame  zone.  As  the 
hole  expanded  all  around  the  flame  aoss-section,  the 
metastable  split  flame  was  observed  just  prior  to  liftmg. 
At  higher  mean  annular  air  velocities,  no  spfit  flame  was 
observed,  and  the  critical  mean  jet  velo(^  decreased 
markedly,  similar  to  hydrogen  flame  studied  prerionsfy,^ 
The  physical  mechanism  responsible  for  the  liftiig  in  this 
range  most  be  base  on  the  imbalance  betwm  the 
entrained-stream  velocity  at  the  flame  base  and  the  local 
maximum  burning  velo^  obtainable  when  miring  the  jet 
and  oridiring  fluids,  as  described  in  mme  det^  el^ 
where.^^  For  a  l^egree  svrirler,  there  is  essentially 
no  difference  in  the  critical  mean  jet  velocity  compared 
to  the  non-swirling  case  over  a  vriiole  range  of  the  mean 
annular  air  velocity.  For  30-degree  and  45-degree 
swirlers,  some  enhancement  in  the  flame  stability  is  seen 
in  the  range  U,>0.6  m/s. 

The  most  striking  effect  of  swirl  appeared  for  a 
60-degree  swirler.  As  the  mean  annular  air  velocity  ex- 
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Fig.  2  Effect  of  nrirloollietUbilUjr  limit  of  mdhau* 
air  coflow  Jet  flafnea.  Up  thickness:  0.2  bub. 


0.6  m/s,  the  critical  mean  velocity  started  to 
eqwnding  the  biirDer*rim>attached  region 
ugnificantfy.  It  b  noticed  thtf  there  existed  a  lower 
branch  at  the  "»«»«  mm«hUt  air  velocity  over  U  m/s. 
Ilie  lower  branch  was  obtained  by  increasing  the  anni^ 
air  velocity  instead  the  jet  velo^.  Some  characteristic 
fhangtM  b  the  flame  appearance  were  noticed  for  the  60- 
degree  swirler.  In  the  range  of  approrimately 
m/s  and  Ui<9.8  m/s,  the  near-bumer  region  (hei^ 
form  the  jet  exit,  z<30  mm)  of  the  flame  became  fatter 
in  its  shape  and  yellow  in  color  due  to  the  soot  formatkm, 
the  formation  of  a  redrculation  zone  doe  to 
swirl  in  the  form  of  a  toroidal  vortex.  As  a  result,  the 
flow  pattern  and  temperature  distribution  must  be 
changed  dramatically.  The  high  temperature  fiiel  ridt 
ctmdition  and  kmger  resideitce  time  in  the  rearculadca 
zone  must  be  favorable  for  the  fuel  pyrolysis  udiich  leads 
to  the  soot  formation.  As  a  result  of  strong  swirl,  the 
angle  of  spread  of  the  jet  must  increase,  increasing 
fiifrainniftiit  and  thereby  causing  faster  decay  of  the 
velocity  with  height  from  the  jet  exit.  Iherefore,  the 
^nhanatmf-nt  of  the  flame  Stability  must  be  due  to 
fhanges  m  the  flow  pattern  and  the  lowered  entrainment 
velocity  in  the  flame  stabiliring  region,  Le.,  the  flame 
base.  Since  both  the  fuel  and  air  velodties  increase  along 
the  lower  bandh,  the  critical  conefltions  at  the  limit  may 
pibtebfy  relate  to  the  local  equivaleace  ratio  at  the  flame 
base. 

MedlMm-thkk  Fud  Tube  Figure  3  shows  the 
lifting  limh  of  methane/mr  coflow  jet  diffiiaon  flames 
formed  on  a  ^  tube  with  a  moderate  lip  thidmess  (1.2 
mm)  fm  three  different  swirler  an^  tested  including  a 
stra^ht  vane.  The  general  trend  of  the  flame  stab^ 
beharior  is  the  same  as  that  for  sharp-edged  fuel  tube 


1%  3  Effect  of  swirl  on  the  stability  iiaslt  of  methane- 
air  coflow  Jet  diflhsion  flame.  Up  thldaess:  1.2  aam. 


described  above,  althon^  the  magnitude  of  the  czidcal 
mean  jet  velocity  is  gpnenlly  larger  in  the  thidmr-lip  case. 
Simib^  to  the  sharp-edged  tidie,  the  critical  mean  jet 
vdodQr  vrith  no  annular  air  was  approximately  22  m/s 
and  maintained  nearly  constant  over  a  very  low  mean 
annnlar  air  velocity  range  (U.<0.12  m/s),  in  which  the 
local  extinction  was  ofausr^  followed  lifting.  The 
critical  mean  jet  velocity  dropped  beyoad  this  range,  but 
the  slope  of  the  critical  mean  jd  velo^  was  smaller  than 
that  of  the  sharp-edged  tubes,  and  thus  the  rim-attached 
region  was  expanded  slight^.  This  result  m^  be  due  to 
s^ht  changes  in  the  flow  pattern  and  the  entrainment 
vetodty  m  the  vicinity  of  the  flame  base  due  to  the 
broadoed  wake  of  die  fuel  tube.  Again,  significant 
enhancement  in  the  stalnlity  limit  was  observed  for  the 
60-degree  swirler.  In  the  mean  annnlar  air  velod^  range 
of  3.7<U,<S.l  m/s  after  the  critical  mean  jet  vrioci^ 
curve  passed  a  pe^  a  distinct  difference  was  noticed  m 
the  bdiavior  of  the  flame  just  prior  to  fifting.  In  tins 
range,  the  local  flame  extinction  re-appeared  just  before 
hfti^  triggering  lifting.  Apparently,  ^e  pbyrical  mech¬ 
anism  for  the  &une  detac^ent  in  this  repon  must  be 
the  same  as  that  for  the  flames  in  the  very  low  annular 
air  velocity  range  (<0.12  m/s). 

Plat-end  Fad  Tube  Figure  4  shows  the  stabihty 
limit  for  a  fuel  tube  with  a  large  Up  thickness  (2.4  mm) 
for  four  swirler  angles  incluifing  a  straight  vane.  In 
contrast  with  the  flme  stalnlity  beharior  for  small  ^ 
thidmesses,  marked  changes  were  obsmved  for  the  thick- 
lip  fuel  tube,  as  described  elsevriiere"  for  ncm-swiriing 
conations.  The  general  trend  m  the  stability  limit  curves 
is  amOar  for  all  swirler  angles,  although  the  repon  of  the 
burner-rim  attached  flame  expanded  as  dm  swirler  angle 
was  increased.  Similarly  to  the  smaller  Up  thicknesses 
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Flf.  4  Effact  of  awirl  oa  the  itabllltj  limit  of  methane* 
■Ir  coflow  Jet  dlfftoslon  flamee.  Lip  thkknen:  t4  mm. 


deicribed  above,  the  critical  mean  jet  velocities  at  lifting 
without  the  annular  air  flow  were  19*21  m/$^  and  the 
local  flame  extinction  led  to  lifting.  The  loealfy  quenched 
flune  for  the  thidc  fuel  tube  was  less  staMe,  aM  there* 
fore  the  qdit  flame  was  not  recomaed.  Also,  as  the 
mean  annular  air  velocity  exceeded  ~Q.l  m/s,  the  flame 
Efted  abruptly  due  to  the  instability  at  the  flame  base,  and 
the  critical  mean  jet  velocity  decreased  mariudfy  at  first 
Imt  was  less  sensitive  to  tite  mean  annnlar  air  velocity 
afterwards.  The  local  extinction  re*appeared  at  higher 
aiuular  airvelodty(U,>L9m/s).  For  aO  swirler  an^es, 
there  existed  a  knm  brandi  the  stalniity  curve  m 
U,>1.6m/s.  The  lower  branch  was  obtained  by  increas¬ 
ing  the  anmilar  air  velocity  instead  of  the  jet  veixity.  At 
low  critical  jet  velocities  (<4  m/s),  the  flame  bkw  oB 
instead  liftmg  under  non-swirl^  oon^ons,  or  for  40- 
degree  and  60-degree  swirlen  a  small,  vibrating,  aerated 
flame  was  formed  just  above  the  fuel  tube  due  to  the 
recirculation  zone. 

UfHny  rriteria  As  described  for  non-swirling 
fUmes,"the  Ufting  suMlity  behariors  observed  can  be 
categorized  into  s^eral  criteria  in  terms  of  where  and 
how  the  flame  instiMlity  first  starts.  For  noo-svriiiing 
flames  three  criteria  were  found,  Le.,  the  lifting  controDed 
by  the  flame  base  (Type  I),  the  lifting  controlled  by  the 
h^  extinction  at  tl^  breakpoint  (Type  n),  and  the  lifting 
contibikd  by  the  flame  hoWng  in  tiie  vv^  (Type  Qf)- 
Types  of  the  lifting  criteria  are  indicated  in  t^  stability 
(fiiqpaffls  shown  in  Figs.  2-3.  For  swirling  flames  ,  the 
above  three  criteria  variations  of  Types  I  and  m 
^luficsted  m  and  in  ,  respectively)  were  observed. 
Type  I  lifting  was  primar^  observed  for  a  lip  thickness 
1ms  fliy  itiiniimiiii  quenching  ot  the 

BBethane/air  mixture  (2  mm^.  It  qipears  to  be  con¬ 


trolled  by  the  flame  base  accordim  to  the  same  physical 
mechanism  previously  proposed"  for  free  jet  difi^on 
flames  formed  on  a  sharp-edged  fuel  tube  in  still  air. 
Types  n  and  m  were  observed  for  a  greater  lip  thirlmcss 
n  was  associated  with  the  lo^  extinction,  which 
seems  to  be  caused  by  the  flame  stretch  due  to  the  large- 
scale  vortices  as  described  in  more  detail  in  the  next 
section.  Type  ID  appears  to  be  caused  by  the  lean-limit 
extinction  m  the  recirculation  zone  in  the  wake  of  the  fuel 
tube  and  by  loosing  the  flame  holding  at  the  flame  base. 

Type  I*  is  based  on  the  same  physical  mechan¬ 
ism  with  I,  but  it  is  the  case  vriiere  the  formation  of 
a  toroidal  vortex  recirculation  zone  due  to  strong  swirl 
■hen  the  flow  field  in  the  vicinity  of  the  flame  bw  and 
in  turn  enhances  the  flame  stability  significantly.  Type 
m*  is  a  lifting  criterion  observed  at  the  lower  b^ch  of 
the  stability  limit  of  strongty  swirling  flames  on  a  small  li^ 
thickness.  For  a  swirling  fl^e  on  a  thick  tube  Types  ID 
iqipean  to  be  combined  with  Type  ID.  Since  the  lower 
branch  of  the  stability  limit  curves  for  the  thin  fuel  tubes 
(0.2  and  1.2  mm  lip  thickness)  was  dose  to  that  of  the 
thick  tube  (2.4  mm),  and  the  critical  mean  jet  velocity  at 
the  lower  branch  increased  with  the  mean  annular 
velocity,  the  critical  condititms  at  the  limit  for  aO  lip 
thidmesses  seem  to  be  controlled  by  the  ratio  of  fuel  and 
Otygen  fluxes  coming  into  the  flame  stabilizing  region  and 
in  turn  the  local  equivalence  ratio.  For  thick  tubes  a 
recirculation  zone  formed  in  the  tube  wake  vriiere  the 
flame  base  is  andiored  is  predominant  in  controlling  the 
flame  stalnfity,  and  for  thin  tubes  the  flame  base  itself  is 
the  stalnlity  controlling  region. 

Mean  BBd  TBrtmlcnl  Flow  Stnictuit 

To  investigate  in  detafl  the  local  extinction  and 
subsequent  biting  phenomena  (Type  II),  the  three- 
component  laser-Doppler  velocimetty  measurement  was 
made  near  the  breakpoint  of  a  swirling  jet  ififFution  flame 
for  a  45-degree  swirler  angle  under  the  near-lifting 
condition.  conditional  data  sampling^’^  was  made 
by  seeding  particles  into  only  the  fuel  jet  or  «""«l*r 
coflowing  air.  Figure  5  shows  the  radial  prt^les  of  the 
axial  (U),  radial  (V),  and  tangential  (W)  mean  (time- 
average)  velodty  components.  The  locations  of  the 
(average)  visible  flame  zone,  measured  by  using  a  cath- 
etometer,  and  the  burner  rim  are  mdud^  m  ^  figure 
as  weD.  The  conditioned  data  on  the  axial  mean  velocity 
profile  (Fig.  5a)  shows  the  region  where  the  jet  and 
entrained  external  fluids  exist  mtermittently  and  that  the 
fluid  elements  from  the  jet  are  faster  on  the  average  than 
those  from  the  coflow  as  was  reported  by  previous 
workers.  The  viable  flame  zone  is  located  in  the  bound¬ 
ary  repon  of  the  intermittent  layer.^*^  It  is  noticed  that 
in  the  visible  flame  zone  the  velocity  gradient  of  the  axial 
mean  velocity  component  for  the  jet  fluid  elements  is 
higher  than  that  for  the  external  fluid  elements.  The 
profile  of  the  radial  mean  velocity  component  (Fig.  5b), 
revealed  striking  features  that  the  jet  fluid  elements  are 
moving  outward  radially  on  the  average,  vidiereas  the 
externti  fluid  elements  are  vice  versa,  even  near  the 
visible  flame  zone.  The  tangential  mean  velocity  com- 
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poneat  profile  data  (Fig.  Sc)  ibows  that  the  tangential 
momentum  in  the  amndtf  coflomng  air  penetrated  into 
the  jet  boundary  region  on  the  fuel  side  of  the  visSde 
fiame  tone  and  that  the  external  fluid  elements  have 


ng.(  Radial  proOko  of  (a)  tnitolcnt  kinetic  energy  and 
(b)  Reynolds  sbenr  stress  in  a  swirling  melhaac-alr 
coflowJetdiAtslonOnine.  UjSlSm/s^U.sSn/g.  xsig 


Ugher  velocity  than  those  of  the  jet  fluid.  The  veloci^ 
differences  between  the  jet  and  external  fluid  ja 

axial,  raifiaJ,  and  tangential  component  were  approonmatc- 
fy 2.5 m/s,  L2 m/s, ^0.6 m/s, respectively.  Thisresalt 
dearfy  shows  the  existence  of  large-scale  vortex  structure 
in  the  haermitteat  layer. 

Rgure  6  shows  the  radigl  pr^^les  of  the  kinetic 
energy  of  turbulence  (q-(tt®+^+^)/2  vidiere  u’,  V 
aad  w*  are  the  axial,  radial,  aad  *»ng«»jirial 
velocity  components)  and  the  R^oMs  stress  (•??). 
The  peak  values  of  ^  relative  intensities  of  turbulence 
(the  root  mean  squares  of  n*.  v*,  and  w*;  not  shown)  were 
13%,  7%,  and  9%,  reqiectively,  and  the  peaks  coincided 
with  those  of  the  turbulent  Idnetic  energy.  Other  com¬ 
ponents  of  the  Reyndds  shear  stresses  and 
not  shown)  were  much  smaller  tli«ii  -uV.  The  peak 
values  (tf  the  turbulent  kinetic  energy  and  the  Reynolds 
shear  stress  m  the  swirling  flame  shown  here  were  lar^ 
(approximate^  1S%  and3S%,  respeefively)  than  those  in 
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a  aaB<«wirfi«g  flaaie^  doe  to  a  ooatribntiaa  bjr  tanpeadal 
velocity  ftoctaatioa.  Tbe  peaki  of  the  tmbiueat  kiaetic 
energy  coiatiled  with  thooe  of  the  ReynoUf  tbear  stresf, 
located  ia  the  high-fhear  layer  when  the  anal  mean 
velodty  gradfent  reached  the  manrnnm  (fee  Kg.  5a)  oo 
the  fed  tide  of  the  visibie  flame  zone.  Therefore,  the 
productioa  of  the  tarbnieat  kinetic  energy  if  throu^  the 
term  of  a  proAict  of  the  Reynobb  ahear  ttrem  a^  tbe 
thear  drain.  Noticed  ia  6a  aad  6b  that  at  the 
ihear-fBaermed  tarbokaoe,  hnScated  by  fee  peaki  in  the 
tmboleat  kinelk  energy  profile  for  fee  jet  flm  element, 
feAnea  toward  fee  flame  none,  fee  tniimleat  activitiet  of 
fee  eitemd  fluid  element  iacreaaed  inwardly. 

It  fhodd  be  noted  that  bofe  the  tmbulent  kiaetic  energy 
aad  fee  Rqmoldf  thear  ttrem  of  the  jet  fluid  elemeatt 
were  teveral  feaet  larger  than  thoie  of  emraioed  extemd 
fluid  fi*™*^*  in  the  vitible  flame  zone. 

_  Qgure  7  ihowi  the  rafed  jprofijm  of  tkewnem 
aad  kurtont  (K-tf*/(?V-3)  of  anrd 


velocity  fluctuatioa  For  a  Gaussian  pdf  distributioa 
aasociated  with  random  smaQ'Sede  fluctuadoos,  S>0  and 
K"0.  The  peak  values  of  S«0.5-0.8  for  both  tfe  jet  and 
eztemal  fluid  elemeatt  and  K^U  for  the  ettemd  fluid 
element  were  observed  at  the  inner  edge  of  the  visible 
flame  zone.  This  result  shows  the  pretence  of  hi^ily  dis¬ 
torted  turbulent  structure  adjacent  to  the  flame  zone  due 
to  the  pretenoe  of  large-scale  vortices  generated  in  the 
intermittent  region  and  highly  skewed  in  the  high-temper¬ 
ature  near-flame  regioo.  The  large-scale  vortices  thus 
carried  the  feel  towwd  the  flame  zone.  Near  the  edge  of 
die  boundary  region  of  fee  intermittent  layer  (ajqxtn- 
hnately  coinddent  wife  the  end  points  of  the  data  condi¬ 
tioned  on  jet  seeding),  fee  intermittency  factor  must 
vanish,  and  therefore,  it  must  be  relatively  rare  event  that 
the  jet  fluid  element  reaches  to  the  location  oi  the  wsiUe 
flamezone.  However,  if  the  large-scale  vortices  of  the  jet 
fluid  elements  (nearly  pure  feel  at  this  height)  approach 
dotehr  to  the  instantaneous  flame  zone,  it  may  be  locally 
quendied  by  hi^  strain  due  to  the  rebuive  movement  cd 
fee  mstantaneous  flame  zone  and  adjacent  fluid  induced 
by  the  engnl&nent  motion  and  the  hi^  fuel  concentration 
of  the  lari^scale  vortices. 


CiMidnstona 

The  significant  enhancement  of  the 
stability  of  methane/air  oerflow  jet  diffusion  flames  by 
twirl  it  restricted  to  ^  case  of  strong  swirl  which  creates 
a  toroidal  redrcnlatioo  zone,  whidi  alters  the  flow  field 
m  the  flame  stabilizing  zone.  This  effect  is  remarkable  in 
particular  for  a  Bp  fliicknessrrf  the  fuel  tube  lem  than  the 
minimum  quenching  distance  of  the  fuel/air  mizture. 
For  a  larger  Bp  thichwats,  the  impact  of  ssnri  is  relatively 
weak  because  tbe  redrculation  zone  in  the  fuel  tidie  wake 
and  the  local  flame  atinctioo  are  predominant  m  deter- 
miniag  the  flame  stabOity.  Three  mi^  fifting  criteria, 
common  with  non-swirl^  flames,  and  two  variations 

to  swirling  flames  are  proposed  heron.  The 
LDV  measurement  with  condhional  seeding  in  the 
breakpmnt  region  of  a  near-Bmit  twirfing  flame  have 
revealed  the  turbulence-flame  interaction  which  leads  to 
the  local  extinction  followed  by  lifting.  Ftuther  expeti- 
ments  particularly  on  the  measurements  of  scalar  Gelds 
are  doirable  to  clarify  in  more  detail  fee  flame-tur- 
bulence  interaction  wife  regard  to  the  phydeal  mech¬ 
anisms  responsible  for  the  Owe  stability  {feenomena. 
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NEAR-FIELD  TURBULENT  STRUCTURES  AND  THE  LOCAL  EXTINCTION 

OF  JET  DIFFUSION  FLAMES 


Fumiaki  Takahashi 
University  of  Dayton 

Larry  P.  Goss 

Systems  Research  Laborattvies 

The  aerodynamic  structure  of  turbulent  jet  diffusion  flames  of  methane  stabilized  on 
a  thick-walled  fuel  tube  in  coflowing  air  has  been  studied  by  using  laser-Dq)pler  velocimetry 
and  Mie  scattering  techniques  to  elucidate  the  local  flame  extinction  and  subsequent  lifting 
phenomena.  Instantaneous  planar  flow  visualization  and  real-time  line  measurements 
revealed  large-scale  vortical  structures,  constituting  the  intermittent  mixing  layer,  and 
sporadic  radial  mass  ejection  from  the  jet-fluid  core.  By  seeding  the  jet  and  coflow 
separately  in  the  LDV  measurement,  conditioned  jdnt  probability-density  fracticms  (pdfs) 
of  the  axial  and  radial  velocity  components  and  their  statistical  mmnents,  i.e.,  the 
conditioned  (ztme)  averages,  root-mean-square  fluctuations,  skewnesses,  kurtoses,  and 
Reynolds  shear  stress,  were  determined.  The  unconditioned  pdf  and,  in  turn,  the  statistical 
moments  were  obtained  from  the  conditioned  pdfs  and  intermittency  of  the  jet  fluid.  The 
jet-fluid  parcels  had  a  higher  mean  axial  velocity  than  that  of  the  external-fluid  parcels  and 
a  positive  mean  radial  velocity  in  contrast  to  a  negative  value  for  the  external-fluid  parcels. 
These  differences  are  responsible,  to  a  great  extent,  for  creating  highly-distorted  turbulent 
structures  in  the  intermittent  layer  adjacent  to  the  flame  zone.  Since  diffusion  processes 
require  significantly  longer  time  than  convective  processes  associated  with  the  h^e-scale 
vortices  and  the  radial  mass  ejection,  the  radial  location  of  the  flame  zone  is  insensitive,  at 
least  in  the  near-jet  field,  to  the  high-frequency  jet-fluid  concentration  fluctuation  in  the 
core.  As  a  result,  the  ejected  jet  fluid,  or  the  large-scale  vortex  itself,  can  reach  the  flame- 
zone  location  without  disturbing  the  concentration  field,  thereby  locally  quenching  the 
already  strained  diffusion  flame. 
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INTRODUCTION 

Although  various  phenotnena  in  jet  diffusion  flames  have  been  smdied  since  early 
days  in  ccmbustitHi  research,  there  remain  certain  aspects  of  the  subject  that  need  further 
investigation.  The  flame  stabilization  phenomena,  e.g.,  liftoff  and  blowout,  are  of  both 
fundamental  and  practical  interest  It  has  recently*  been  clarified  that  there  exist  several 
distinct  lifting  mechanisms  for  jet  diffusion  flames,  depending  on  the  burner  and  flow 
configurations  and  the  fuel  type.  In  many  cases,  the  flame  stabilization  and  the  detachment 
frcHn  the  burner  rim  are  ctmtrolled  by  local  conditions  near  the  flame  base^  CTypc  1  in  Ref. 
1).  The  Type  I  case  is  likely  to  happen  particularly  if  the  lip  thickness  of  the  fuel  tube  or 
nozzle  is  small.  However,  if  the  flame  base  is  stabilized  securely  on  the  burner  rim  by  using, 
for  example,  a  thick-14>  fuel  tube,  the  flanoe  zone  will  be  quenched  locally  at  typically  a  few 
jet  diameters  downstream  where  the  laminar  flame  zone  becomes  turbulent  (i.e., 
breakpoint).  For  hydrogen^^  or  propane’  flames,  the  local  extinction  leads  to  formation  of 
a  stable  split  flame,  i.e.,  a  combination  of  a  small  laminar  flame  in  the  vicinity  of  the  burner 
rim  and  a  turbulent  lifted-like  flame  downstream  (Types  11(b)  and  n(c)  in  Ref.  I). 
However,  for  methane  flames,*'^’’'**  the  local  extinction  causes  lifting  of  the  flame  almost 
immediately  (Type  11(a)  in  Ref.l).  Takeno  and  Kotani^  postulated  that,  for  hydrogen 
flames,  the  local  extinction  is  a  result  of  the  excess  transport  rate  as  compared  to  the 
reaction  rate  at  the  transition  point  of  turbulent  flames.  More  recently,  the  event  when 
inner  vortices  interfere  with  the  flame  front  was  captured  in  methane  flames  by  using 
instantaneous  schlieren’  or  laser-sheet  flow  visualization*^*’  techniques.  Eickhoff  et  al.’ 
speculated  that  the  diffusion  flame  was  quenched  because  too  much  heat  was  diffused  by 
the  snuU  scale  turbulence  superimposed  in  these  vortices.  Unfortunately,  detailed  flame 
structure  data  related  to  the  local  flame  extinction  phenomena  are  only  slowly  becoming 
available. 
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Turbulent  diffusion  flames  are  described  in  most  cases  as  being  composed  of 
wrinkled,  moving,  laminar  sheets  of  reaction,  i.e.,  flamelets.^^’^  The  concept  of  local 
flamelet  extinctions  due  to  high  strain  rate  has  been  applied  to  the  base  of  turbulent  lifted 
flames  to  determine  the  liftoff  height  and  blowout  conditions.  Extinction  processes  have 
initially  been  considered  to  occur  within  small-scale  turbulent  structures.  More  recent 
work*^^  has  suggested  that  large-scale  structures  are  responsible  for  extinction.  Since  the 
flame  zone  is  located  generally  outside  of  the  large-scale  vortex  structure  in  burner-rim- 
attached  turbulent  jet  difliision  flames,  the  large-scale  vortex  structure  must  play  a  majOT 
role  also  in  the  local  extinction  phenomeiu  near  the  breakpoint  Unlike  the  lifted  turbulent 
flame  base,  the  transition  regicMi  of  attached  flames  is  more  stationary  and  continuous,  and 
there  is  no  complication  due  to  the  fuel-air  premixing  prior  to  combustion.  Therefore,  the 
near-jet  fleld  of  rim-attached  turbulent  jet  diffusion  flames  provide  a  unique,  well-defined 
diffusion  flame  structure  suitable  to  the  study  of  dynamic  turbulence-flame  interactions.  The 
major  objective  of  this  study  is  to  gain  a  better  understanding  of  the  mechanisms  of  local 
extinction  and  subsequent  lifting  phenomena  (Type  n(a)  in  Ref  1). 

EXPERIMENTAL  TECHNIQUES 

The  experimental  apparatus  and  the  LDV  system  have  been  described  in  detail 
elsewhere."  The  burner  consists  of  a  thick-walled,  flat-end  fuel  tube  (9.45  mm  i.d.,  2.4  mm 
lip  thickness)  and  a  concentric  air  tube  (26.92  mm  i.d.)  through  which  annulus  coflow  air 
flows,  centered  in  a  low-speed  (~0.S  irVs)  general  air  stream  in  a  vertical  combustion 
chimney.  Methane  (>98%)  was  used  as  the  fuel.  Submicron  ZPj  particles  were  used  for 
the  LDV  noeasurenoent 

The  details  of  the  instantaneous  (10  ns)  planar  flow  visualization  and  the  real-time 
line  measurements  have  been  reported  elsewhere.  For  planar  visualization,  Mie 


169 


scattering  from  1102  particles,  formed  from  the  reaction  of  seeded  TiCl4  vapor  and  water 
v^xrr  in  the  combustion  products,  are  visualized  at  right  angles  to  a  sheet  of  laser  light 
(>0.2S  mm  thickness)  from  a  pulsed  Nd:YAG  laser  (Quanta-Ray  DCR*3;  frequency 
doubled,  532  run,  ~250  mJ).  For  the  real-time  line  measurements,  the  output  firom  an 
Argon  ion  laser  (Spectra  Physics  20(X);  multiline,  1-3W)  is  focused  to  a  line  above  the 
burner.  TiOj  particles  are  preformed  and  introduced  into  the  fuel  tube.  The  scattered  light 
is  collimated  by  a  f/2.5  lens  and  directed  toward  a  multi-faceted  rotating  mirror  wheel  which 
sweeps  the  collimated  light  from  the  flame  through  a  f/2  focusing  lens  onto  a  SO/im 
aperture.  The  scattered  light  exiting  tnc  aperture  is  then  detected  by  a  photomultiplier,  the 
output  of  which  is  amplified  and  digitized  at  a  high  rate.  The  digitization  of  the  scattered 
light  is  synchronized  with  the  rotation  of  the  mirror  by  monitoring  the  reflection  of  a  HeNe 
laser  beam  with  a  silicon  diode  detector,  thereby  triggering  a  512  clock  burst  which  is  sent 
to  the  digitirer.  A  delay  circuit  is  used  to  temporally  adjust  the  clock  burst  to  the  sweep  of 
the  scattered  light  to  ensure  the  correct  signal  is  digitized.  A  transient  recorder  (Lecroy 
TR8818)  with  EOL  memory  is  used  to  digitize  the  data  with  8  bit  resolution.  For  the 
experiments  reported  in  this  paper,  the  rotational  speed  of  the  multi-faceted  mirror  was  500 
rpm  which  with  10  facets  translates  into  5000  sweeps  per  second.  Each  individual  sweep  was 
digitized  at  a  rate  of  8  MHz.  The  effective  spatial  resolution  of  the  experinrent  was 
measured  to  be  75  ^m^pixel,  where  a  pixel  is  defined  as  one  digitized  channel  or  1/5 12th 
of  a  single  sweep. 

RESULTS  AND  DISCUSSION 
Mie  Scattering  Measurements 

Figure  1  shows  instantaneous  planar  flow  visualization  photographs.  At  a  low  mean 
jet  velocity  (Fig.  la),  the  boundary  between  the  TiG4-laden  jet  fluid  and  the  combustion 
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products  is  clearly  marked  by  Ti02  particles  as  smooth  green  streaks  up  to  the  height  firom 
the  jet  exit,  z~30  mm.  It  should  be  noted,  however,  that  the  flow  inside  the  fuel  tube  is 
turbulent,  as  the  Reynolds  number  {Re—Uj  dj  ^^=3380;  d,  the  jet  diameter,  Vj,  the 

kinematic  viscosity  of  the  fuel)  exceeds  a  critical  value  (~2300),  and  that  the  pipe  flow 
turbulence  is  confined  inside  the  visualized  boimdary.  Notice  that  the  blue  visible  flame 
zone  is  well  separated  (2-3  mm)  brom  the  visualized  boundary.  The  instability  of  the 
boundary  and  the  subsequent  roll-up  process,  forming  large-scale  vortices,  are  seen 
downstream  (z>30  mm)  until  yellow  luminous  flame  cover  the  inside  structure.  Although 
the  behavior  of  this  breakpoint  to  turbulence  has  been  studied^*^  extensively  by  using 
schlieren  photography,  the  detailed  flow  structure  such  as  visualized  here  has  never  been 
revealed. 

Figure  lb  is  a  moderate  velocity  case,  where  TiCl4  vapor  is  introduced  into  both  the 
jet  and  annulus  air  to  show  the  entrainment  pattern.  Due  to  the  continuous  radiation  from 
the  particles  entrained  into  the  flame  zone,  the  color  of  the  flame  is  no  longer  natural.  It 
is  notable  that  mixing  on  the  air-side  of  the  flame  zone  takes  place  also  intermittently  by 
large-scale  vortices  created  in  the  shear  layer  of  the  annulus  air  jet.  Many  fine  streaks 
engulfed  into  the  inner  large-scale  vortices  are  seen.  The  observations  augment  further  the 
recent  view  of  entrainment  based  on  the  large-scale  structurcs,^’’^^  which  differs 
significantly  from  a  classic  view  based  on  the  time-averaged  flow  pattern. 

At  a  high  mean  jet  velocity  (Figs.  Ic  and  Id)  near  the  critical  mean  jet  velocity  at 
lifting  (C/^=:16.5~17  m/s  at  U^=3  m/s),'’“  more  turbulent  activities  are  observed.  The 
large-scale  vortices  grow  in  the  intermittent  mixing  layer.  Although  the  large  structures  are 
not  as  orderly,  or  coherent,  as  observed  in  low-speed  nozzle  jet  flames,'^  symmetric 
evolution  of  the  vortices  is  evident  as  shown  in  Figs.  Ic  and  Id.  At  other  times,  it  appears 
as  though  the  large  structures  are  more  helical,  as  observed  also  in  the  far  field,“  or  less 
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orderly.  The  blue  flame  zone  is  locally  quenched  momentarily  in  the  range  10<z<60  mm. 
It  is  noticed  in  the  closed-up  view  (Fig.  Id),  that  the  blue  flame  zone  is  essentially  stationary 
despite  the  violent  movetiKnt  of  the  jet-fluid  in  the  core  region.  The  large-scale  vortices 
are  very  close  to  the  flame  zone  (0~1.S  nun),  and  smaller-scale  radial  mass  ejection  from 
the  jet-fluid  core  extruding  beyond  the  flame  zone  can  be  seen  in  the  figure. 

Figure  2  shows  real-time  traces  of  Mie  scattering  intensities  along  a  line  for  the  high 
velocity  case.  The  radial  movement  of  the  boundary  of  the  jet  and  external  fluids  increases 
toward  downstream  as  a  result  of  the  growth  of  the  large-scale  structure.  At  the  highest 
position  (Fig.  2c),  lower  flequency  movement  associated  with  the  slowed  large-scale 
structures  is  more  noticeable,  and  the  external  fluid  reaches  the  centerline  region 
occasionally.  The  images  such  as  shown  in  Fig.2  were  then  processed  such  that  each  pixel 
had  a  binary  value  determined  by  comparing  to  a  threshold  value  (typically  set  at  ~50%  of 
the  maximum  value  of  the  average  scattering  intensity  along  a  line).  The  processed  binary 
image  directiy  relates  to  an  intermittency  function  deflned  as  a  stochastic  function 
having  a  value  I{,z,r,t)=\  in  the  jet  fluid  and  I(z,r,t)=^  in  the  external  fluid.  The 

intermittency  ( /  (z,r)),  i.e.,  the  mean  value  of  the  intermittency  function,  represents  the 
fraction  of  time  that  the  jet  fluid  is  present  at  the  position  in  question.  The  crossing 
frequency  (f^),  i.e.,  the  number  of  crossings  from  the  jet  to  external  fluid  per  unit  time  then 
can  be  determined.  Figure  3  shows  the  intermittency  and  crossing  flequency  obtained  from 
the  binary  images.  The  radial  locations  of  the  visible  flame  zone,  measured  by  using  a 
stationary  telescope  and  by  moving  the  burner  with  the  translational  stage  (5  /itn  precision), 

and  the  burner  rim  location  are  also  included.  In  all  cases,  peaked  at  /  =0.5,  as  expected. 

As  Uj  was  increased  (Figs.  3a  and  3b),  the  intermittent  mixing  layer  spread  outwards  due 

to  transition  to  turbulent  jet-external  fluid  mixing  as  observed  in  Fig.  1,  approaching  to  a 

closer  proximity  of  the  thickened  visible  flame  zone.  At  -  Uj^  (Figs.  3c  and  3d),  the  radial 
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location  where  peaked  remained  the  same  at  different  heights  (SczcSO  mm),  and  the 
mixing  layer  spread  on  both  sides.  Although  the  line  Mie  scattering  measurement  was 

made  up  to  z=12S  mm,  only  the  results  in  the  potential  core  zone,  where  /=1  at  the 

centerline,  were  presented  here.  The  crossing  frequency  for  7  =0.5  provides  a  crude 
estimate  for  the  scale  of  the  large-scale  turbulent  structure  which  accoiiq}any  intermittency.^ 
The  length  between  crossings  is  given  by  where  Ujy2  is  the  local  mean  axial 

velocity  at  where  I  =0.5.  A  typical  scale  of  the  large  eddies  (/)  can  be  calculated  by 

taking  half  that  length  as  /=0.57/|y^^y^  Table  1  summarizes  characteristics  of  the  large- 
scale  vortical  structure. 

t 

LDV  Measurements 

Since  a  LDV  instrument  measures  the  velocities  of  individual  seed  particles  to  obtain 
the  probability  distribution  of  velocity  components,  there  exist  various  statistical  bias 
problems.  To  clarify  limits  of  velocity  bias  due  to  non-uniform  seeding,  particles  were  added 
only  to  the  fuel  jet  or  annulus  coflow  air  at  a  time,  following  previous  investigators.*  This 
technique  is  found  to  be  useful  not  only  to  provide  infonnation  related  to  bias  problems  but 
also  details  concerning  the  turbulent  structure.  Figure  4  shows  the  radial  profiles  of  the 
conditioned  means  and  root-mean-square  (rms)  fluctuations  of  the  axial  and  radial  velocity 
components  and  Reynolds  shear  stress.  The  unconditioned  profiles  in  the  flgure  will  be 
discussed  later.  The  innermost  annulus-seed  data  point  and  the  outermost  jet-seed  data 
point,  where  the  particle  arrival  rate  beconres  extremely  low,  are  consistent  with  the 
distribution  of  I  (Fig.  3a). 

In  the  mixing  layer,  the  jet  fluid  parcels  had  a  higher  mean  axial  velocity  than  that 
of  the  external  fluid  parcels  (Fig.  4a).  The  radial  profiles  of  the  mean  radial  velocity 
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component  (Hg.  4b)  revealed  a  rather  striking  feature,  namely,  that  the  jet  fluid  parcels 
were  moving  outwardly  on  the  average,  whereas  the  external  fluid  parcels  were  moving 
inwardly.  These  results  woe  uniquely  c^tured  by  conditional  sampling  and  demonstrate 
the  intermittent  mixing  process  due  to  large-scale  vortices,  the  occasional  radial  jet  fluid 
ejection,  and  the  engulfment  of  the  external  fluid  into  the  large-scale  structure. 

The  rms  fluctuations  of  the  axial  and  radial  velocity  components  of  the  jet  fluid  (Figs. 
4c  and  4d)  were  generally  larger  than  those  of  the  external  fluid,  as  expected  because  the 
jet  fluid  issuing  from  the  fuel  tube  was  a  high-velocity  turbulent  flow  and  the  external  fluid 
in  the  mixing  layer  consisted  of  high-temperature  combustion  products  with  a  high  viscosity 
and  a  lower  velocity.  Further,  the  nns  axial  fluctuation  was  everywhere  larger  than  that  of 
the  radial  component,  i.e.,  anisotropic.  The  Reynolds  shear  stress  (Hg.  4e)  of  the  external 
fluid  was  nearly  zero  on  the  air-side  of  the  flame,  displaying  no  active  contribution  to  the 
turbulent  transport 

Figure  S  shows  the  radial  profiles  of  the  radial  gradients  of  the  mean  axial  and  radial 
velocity  components  and  the  skewness  and  kurtosis  of  the  axial  velocity  component  The 
peaks  of  the  Reynolds  shear  stress  and  the  rms’s  (and  therefore,  turbulent  kinetic  energy) 
of  the  jet  fluid  coincided  approximately  with  the  points  where  the  magnitude  of  the  gradient 
of  the  mean  axial  velocity  was  maximum.  This  result  is  indicative  of  the  gradient-type 
momentum  diffusion  in  turbulent  transport  processes  of  small-scale  eddies  superimposed 
with  the  large  structure  and  of  the  production  of  the  turbulent  kinetic  energy  through  the 
product  of  the  Reynolds  shear  stress  and  strain. 

The  unconditioned  joint  probability-density  function  (pdf)  of  the  axial  and  radial 
velocity  components  P(uy;  z,r)  is  determined  from  the  pdfs  conditioned  on  the  jet  fluid 
Pj(u,y;  z,r)  and  the  external  fluid  originated  from  annulus-air  PJu,v;  z,r)  and  the 

intenruttency  (/ (z,r))  as*^-* 
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P(u.v;  z,r)=  [1  •/  (z.r)]Pj[u,v:  z.r)  +  I  {z.r)Pfuy  ;  z,r). 

The  unconditioned  statistical  moments  then  can  be  retrieved  from  the  unconditioned  pdf 
as  shown  in  Figs.  4  and  5.  It  is  noteworthy  that  because  the  conditioned  (zone)  averages 
are  used  to  determine  conditioned  moments  and  the  zone  averages  are  different  for  the  jet 
and  external  fluids,  the  unconditioned  values,  except  for  the  time-averaged  means,  cannot 
be  obtained  simply  by  taking  a  weighted  average  of  the  conditioned  values  and  the 
intermittency.  This  conventional  method^  is  valid  only  if  the  time  average  is  used  for 
determining  conditioned  moments,  and  it  is  feasible  for  time-series  measurements  for  which 
the  time  average  is  readily  available.  Figure  6  shows  an  example  of  the  cnnditinnfd  and 
unconditioned  pdfs  with  contour  plots.  The  pdfs  conditioned  on  the  jet  fluid  (Fig.  6a)  and 
the  external  fluid  (Fig.  6b)  are  broadly  spread  due  to  high  rms  values  and  shows  a  positive 

conclation  (iiV'-1.5  mVs^,  Fig.4e),  typical  of  the  shear  layer,  and  the  external  fluid’s  pdf 

is  more  skewed  (S^~l;  Fig.  5c).  More  importantly,  due  to  the  differences  in  the  zone 
averages  between  the  jet  and  external  fluids,  the  unconditioned  pdf  (Rg.  6c)  becomes  nx»e 

elongated  shape,  thus  creating  a  large  conclation  uV  (-2.7  mVs^,  Fig.  4e).  This  effect  is 

even  more  apparent  in  the  vicinity  of  the  flame  zone,  where  the  unconditioned  higher 
moments  show  highly-distorted  turbulent  structure  (Hgs.  Sc  and  Sd). 

Local  Flame  Extinction 

In  general,  the  extinctitni  of  laminar  diffusion  flames  occurs  due  to  nonequilibrium 
effects  as  a  result  of  decreased  Damkdhler  number,  i.e.,  the  ratio  of  the  local  diffusitm  timn 
to  chemical  reaction  time.  The  critical  strain  rate  (velocity  gradient)  beytmd  which  the 
flame  cannot  be  stabilized  has  been  reported^*’^  for  methane  as  3SO-SOO  s'^  It  is 
remarkable  that,  in  Fig.  5b,  the  radial  velocity  gradient  of  the  mean  radial  velocity 
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component  of  the  approach  flow  (external  fluid)  into  the  flame  zone  increases  with 
increasing  Uj  and  reaches  approximately  500  s'^  at  the  near  extinction  condition  (Uj=\5 
m/s).  Although  the  actual  value  may  fluctuate  since  the  mean  velocity  was  used  here,  the 
high  velocity  gradient  means  a  thin  diffusion  layer  and  low  Damkd'hler  number,  and  thus  the 
flame  zone  is  highly  strained. 

An  important  observation  made  by  the  planar  flow  visualization  is  that  the  blue  flame 
zone  in  the  near-jet  region  is  essentially  stationary  despite  the  violent  movement  of  the  inner 
large-scale  vortices.  This  indicates  that  the  concentration  field  near  the  flame  zone  is 
insensitive  to  the  high  frequency  variations  in  tire  core  region.  The  characterisdc  fluctuation 
time  associated  with  the  axial  convection  of  the  large-scale  structure  can  be  estimated  as 
ms  (f/y=15  m/s  and  z=15  mm;  Table  1).  The  radial  jet-fluid  mass  ejection 

must  need  even  shorter  time  compared  to  r,,  to  reach  the  flame  zone  from  the  core.  If  the 

mass  ejection  velocity  (y^  is  assumed  to  be  the  maximum  mean  radial  velocity  component 
of  the  jet  fluid  (1.2  m/s;  Hg.  4b)  plus  three  times  maximum  nns  value  (1.8  m/s;  Fig.  4d), 
the  characteristic  time  for  the  radial  mass  ejection  would  be,  d^/Vg,~0.2  ms.  Here, 

the  diffusion  layer  thickness  ( d^)  is  ~1.S  nun,  since  r^^~S.S  mm  (Table  1),  and  the  outer 

edge  of  the  visible  flame  zone  is  r~7  mm.  The  fuel  molecules  must  diffuse  from  the  jet- 
fluid  core  to  the  flame  zone.  By  using  the  diffusion  coefficient  of  methane  at  ISOOK  (X>~0.7 
cmVs)  the  characteristic  diffusion  time  would  be,  r^=(  d^)V/>~30  ms.  The  diffusion 

process  requires  an  order  of  magnitude  longer  time  than  the  jet-fluid  core  fluctuations. 
Thus,  thoe  is  not  enough  time  to  re-establish  the  concentration  field  in  response  to 
variatitMis  in  the  one  and  the  flame  zone  location  remains  stationary.  Therefore,  the  radial 
mass  ejection  or  the  large-scale  vortex  itself  can  reach  the  flame  zone  location  without 
causing  significant  disturbances  in  the  concentration  field,  and  thus,  the  diffusion  flame  is 
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locally  quenched  by  simply  displacing  the  stoichiometric  fuel-air  mass  flux  field  with  nearly- 
puie  fuel.  This  condition  is  eased  downstream  as  the  convective  velocities  decrease  and 
the  flame  zone  shifts  radially  away  from  the  jet-fluid  core.  As  a  result,  r,  would  increase 

faster  than  the  increase  in  r^.  Therefore,  the  local  extinction  occurs  only  in  the  mid-range 
of  the  near-jet  region  (10<z<60  mm). 

CONCLUSIONS 

The  Mie  scattering  and  LDV  measurements  in  the  near-field  region  of  methane/p'r 
coflow  turbulent  jet  diffusion  flames  provided  a  physical  insight  into  the  local  extinction  and 
subsequent  lifting  phenomena.  The  diffusion  process  needs  at  least  an  order  of  magnitude 
longer  time  compared  to  the  concentration  fluctuation  time  associated  with  the  large-scale 
vortices  in  the  cote  region  and  the  radial  jet-fluid  mass  ejection.  As  a  result,  the  flame  zone 
location  is  insensitive  to  the  high-frequency  inner  fluctuation,  and  the  fuel  packets  can  teach 
the  already  strained  flame  zone  and  locally  extinguish  it  Due  to  the  differences  in  the  ztHie 
avoage  velocities  between  the  jet  and  external  fluids,  highly-distorted  turbulent  structures 
are  created  in  the  vicinity  of  the  flame  zone.  Further,  unconditioned  quantities  must  be 
retrieved  from  the  unconditioned  pdf,  rather  than  taking  weighted  averages  from 
conditioned  quantities  and  the  intermittency. 
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(b) 


Figure  1  Instantaneous  (10  ns)  laser-sheet  reactive  Mie  scattering  images  superimposed  with 
time-exposure  direct  photographs  of  methane/air  coflow  jet  diffusion  flames. 
Scattering  particles  (TiOj)  formed  from  seeded  TiQ^  and  water  vapor  in  the 
combustion  products.  m/s.  (a)  Jet  seed,  exposure  1/60  s,  Uj=6  m/s  (/?c=3380). 
(b)  Jet  and  annulus  air  seed,  exposure  1/250  s,  U~\0  m/s  (/?<'^=5630).  (c)  Jei  seed, 
exposure  1/60  s,  C//=15  m/s  (/?e=8460).  (d)  Jet  seed,  exposure  1/125  s.  ^-15  m/s. 
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Figure  1.  Continued 
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Figure  2  Real-time  traces  of  Mie  scattering  intensities  along  a  line  in  methane/air  coflow  jet 
diffusion  flames.  Scattering  particles  (TiOz)  were  preformed  from  TiCl,  and  water 
vapor  prior  to  the  fuel  tube  inlet  U=\S  ra/s,  f4=3  m/s.  (a)  z=15  mm,  (b)  z=50 
mm,  (c)  z=100  mm. 


184 


(kHz) 


r  (mm)  r  (mm) 


figure  3  Radial  profiles  of  the  interraittency  and  crossing  frequency  of  the  jet  fluid  in  a 
methmie/air  coflow  jet  diffusion  flame.  m/s.  (a)(b)  z=15  mm.  0.  t//=6  m/s; 
A,  C//=10  m/s;  ®,  f//=15  m/s,  (c)(d)  I//=15  m/s.  z=5  mm;  z=15  mm;  □, 
z=25  mm;  v,  z=S0  mm. 
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Figure  4  Radial  profiles  of  (a)  the  mean  aual  and  (b)  radial  velocity  components,  (c)  the  root- 
mean-square  fluctuation  velocity  of  axial  and  (d)  radial  components,  and  (e) 
Reynolds  shear  stress  in  methane/air  coflow  jet  diffusion  flames.  f/„=3  m/s.  z=lS 

mm.  0  ♦  ,  m/s  ;  a  *  ,  Uj=\0  m/s  ;  ®  •  ,  lJf=\5  m/s.  Open:  conditioned 

on  jet  seed;  filled:  conditioned  on  annulus-air  seed.  . , - , - , 

Unconditioned. 
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Figure  5  Radial  profiles  of  (a)  the  gradients  of  the  mean  axial  and  (b)  radial  velocity 
components  and  (c)  skewness  and  (d)  kurtosis  of  the  axial  velocity  component  in 

methane/^  coflow  jet  diffuaon  flames.  m/s,  z=15  mm.  0  4,  l//=6  m/s  ; 
A  A,  Uf=\Q  m/s  ;  o  •,  Uf=\5  m/s.  Open:  conditioned  on  jet  seed;  filled: 
conditioi»d  on  annulus-air  seed.  - ,  — — ,  Unconditioned. 
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Rgure  6  pdfs  of  the  axial  and  radial  velocity  components  in  a  methane/air  coflow  jet 

Affusion  flame  and  their  contour  plots,  t/^15  m/s,  V,=3  m/s,  2=15  ram,  r=4.8  mm. 

ir  (a)  ConAtioned  on  jet  seed, 

(oj  conditioned  on  annulus-air  seed,  (c)  unconAtioned. 
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SUMMARY 

The  accurate  prediction  of  turbine  heat  transfer  remains  beyond 
our  current  capabilities.  To  investigate  this  condition,  non 
conventional  turbulence  generation  techniques  have  been 
employed  to  explore  the  impact  of  high  turbulence  or 
unsteadiness  on  heat  transfer.  The  heat  transfer  from  a  2D 
planar  wall  |et  will  be  compared  with  an  axi-symmetric  wall  jel 
with  twice  the  lurbulence  scale  and  more  turbulent  kinetic 
energy  -  wnh  an  increased  heat  transfer  shown  by  the  pl.inar 
eontiguratuMi.  The  resulting  comparisons  of  wall  jet 
.lugmenied  heat  transfer  to  engine  turbine  nl.ade  heat  transte '  is 
quiu:  favorable. 

LIST  OF  SYMBOLS 

A  consuni 

C,  specific  heat  at  constant  pressure.  W-s/kg-’C 
h  heat  transfer  coefficient,  W/m'-^C 

h  nozzle  height,  cm 

I  nozzle  length,  cm 

Pr  Prandtl  number  = 

R„  Reynolds  number  =  pUx/41,  pUO/ft 

S,  Stanton  number  -  li/(Up('|,) 

S^,  Stanton  number  lor  fully  turbulent  tl.il  plate 

T,  X  component  of  turbulence  intensity  =  u  /  U 
U  local  X  mean  velocity,  m/s 

U  ^  maximum  mean  x  velocity,  m/s 
u  rms  fluctuating  component  of  x  velocity,  m/s 

u'  non  dimensional  velocity  defined  by  equation  I 

V  local  y  mean  velocily,  ni/s 

V  rms  fluctuating  component  of  y  vcIik'iiv,  m/s 
W  local  w  mean  vehxriiy.  m/s 


w  rms  Huctualing  component  of  w  velocity,  m/s 

w  span  l(x:ation  from  jet  centerline,  cm 

X  distance  from  wall  jet  nozzle  exit,  cm 

Y  n«i  \  distance  from  wall  to  U„,.  .  m 

V  y  distance  Irom  wall,  cm 

y'  non  dimensional  distance  from  wall,  equation  I 
6  boundary  layer  thickness,  cm 

A  Integral  scale  of  turbulence,  cm 

b  momentum  thickness,  cm 

1.  INTRODUCTION 

The  near  wall  turbulence  level  for  a  fully  turbulent  flat  plate 
boundary  layer  is  typically  10-12%  In  the  How  direction  after 
ihe  boundary  layer  has  developed  some  age.  This  maximum 
(x;cuts  in  buffer  or  transition  region  between  the  linear  and  Ihe 
log  l.iw  of  the  wall  regions  of  the  boundary  layer.  The 
turbulence  then  falls  off  to  the  free  stream  value.  Film  cooling 
tinws  exhibit  similar  characteristics  with  a  maximum  of  15- 
20%  "ci  urnng  farther  away  from  the  wall  (Rivir  et  al.  1987) 
in  the  pioiile.  as  the  blowing  laiio  iiicrcases,  and  then  decays 
lo  the  liec  stream  value.  I  Inlil  vetv  recently  heal  transler  and 
film  cixiling  data  tor  luibine  designs  were  nbLained  with  very 
low  values  of  free  stream  lurbulence  (0.5-2%).  The  entering 
free  stream  turbulence  level  for  a  turbine  rotor,  although  not 
comprehensively  documented  under  engine  conditions,  has  been 
measured  by  Binder  et  al.  ( 1985)  for  cold  flow  due  to  the  stator 
wakes.  The  level  of  turbulence  was  shown  to  approach  20% 
on  the  pressure  surface  and  10%  on  the  suction  surfarx.  The 
issue  to  be  addressed  is  what  happens  to  the  heat  transfer  when 
there  is  a  10-20%  unsteadiness  level  in  the  free  stream  which 
ihen  inleracLs  with  the  naturally  occurring  wall  or  film  axiling 
generated  levels  ol  10-20% 

Under  eslimaling  the  turbine  blade  siiilai  e  tein|x;rature  by  10% 
can  result  in  a  significant  loss  in  hretiine  lor  that  component. 
This  kind  of  accuracy  in  hear  irnnstcr  can  only  be  approached 
for  very  simple,  well  behaved.  2D  boundary  layers.  Current 
heat  transfer  data  bases  for  turbine  hl,ades  and  vanes  are 
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obtained  from  expehmenis  which  include  flat  plates,  linear 
cascades,  large  scale  rotating  cascades,  light  piston  tubes,  blow 
down  tunnels,  shock  tubes,  and  engines.  Hie  fully  turbulent 
flat  plate  boundary  layer  can  be  accurately  (with  in  a  few  %) 
ptedicted  by  the  empirical  relationship  of  Kays  and  Crawford 
(1980),  or  2D  bound^  layer  codes  sudi  as  STANS  or  Texstan. 
which  have  evolved  from  the  Patankar  Spaulding  formulation. 
These  codes  typically  invoke  mixing  length,  xe,  or  other  forms 
of  turbulence  models.  When  the  free  stream  turbulence  levels 
were  increased  to  4-6%  by  the  use  of  up  stream  grids, 
systematic  increases  up  to  10%  above  the  predicted  fully 
turbulent  values  of  heat  tratsfer  were  observed  ^  Blair  (1981^ 
The  addition  of  pressure  gradient  or  acceleration  combined  with 
the  4-6%  turbulence  resulted  in  a  further  underestimate  in  the 
prediction  of  the  heat  transfer  of  2D  boundary  layer  codes,  such 
as  STANS,  by  .10%  (MacArthur  I98S),  as  illustrated  in  Figure 
I.  Transition  length  from  laminar  lo  turbulent  heat  transfer  is 
also  slightly  under  predicted  in  length  with  Reynolds  number 
by  these  2D  codes,  again  as  illustrated  in  Figure  1. 

In  linear  cascades,  heat  transfer  measurements  predicted  with 
similar  2D  codes  show  that  transition  and  transition  length  ate 
poorly  predicted  on  both  suction  and  pressure  surfeces.  In 
addition  the  absolute  level  of  heat  transfer  on  the  pressure 
surface  was  under  esumated  by  S0%.  Figure  2  from  Wittig  et 
al.  (1985)  has  been  annouted  to  indicate  the  typical 
discrepancies  with  calculated  values  of  heat  transfer  for  the 
linear  cascarir.s.  This  is  a  combustion  driven  tunnel  which 
uses  grid  generated  turbulence  to  simulate  wakes  of  the  up 
stream  stator.  These  calculations  use  a  low  Reynolds  number 
Kt  turbulence  model  which  is  known  to  over  predict  heat 
transfer  for  some  cases.  Consigny  and  Richards  (1982)  tend 
lo  show  the  resulting  VKJ  linear  cascade  effort  heat  transfer 
results,  along  with  many  others,  to  be  bounded  between  the 
folly  turbulent  flat  plate  and  the  laminar  flat  plate  case  -  based 
on  the  chord  and  the  cascade  exit  Reynolds  number.  Locally 
these  heat  transfer  measurements  can  exceed  the  folly  turbulent 
flat  plate  values  as  indicated  by  Arts  et  al.  (1992)  in  the  same 
facility.  The  heat  transfer  in  linear  cascades  is  reasonably  well 
piedicied  by  the  simple  laminar  and  folly  turbulent  flat  plate  for 
many  but  not  all  cases.  The  additional  complexity  of  an 
annular  cascade  does  not  appreciably  affect  the  heat  transfer 
prediction  discrepancies. 

The  next  level  of  complexity,  addition  of  roution  and  upstream 
stators,  becomes  more  difflcult  to  predict  and  explain  the 
observed  heat  transfer  due  to  the  interaction  of  several  unsteady 
flows  ate  added  to  low  levels  of  up  stream  turbulence.  These 
experiments  include  transient  experiments  such  as  shock  tubes 
(Olspan)  and  light  piston  tubes  (MIT,  Oxford,  and  RAE 
Pysiock).  Bayley  and  Priddy(1981)  showed  an  increase  of  2 
to  4  limes  over  steady  suie  heal  transfer  values  when  a  rotating 
bar  investigated  frequency  effect  (at  a  consrant  scale  of 
turbulence)  on  the  steady  heat  transfer  value  in  a  linear  cascade. 
Rae  et  al..  1986  (Calspan)  presents  predictions  for  both  a  2D 
and  a  3D  vane/roior  combination  with  an  inlet  turbulence  of 
5%  of  an  unknown  length  scale.  The  3D  case  is  particularly 
difflcult  to  rationalize  with  a  100%  discrepancy  on  the  vane 
surfaces  and  near  experimental  values  on  the  rotor.  In  a  low 
speed,  large  scale,  multi-stage  experiment.  Sharma.  et  al.  (1992) 
has  observed  excellent  predictions  of  heat  transfer  on  the  rotor 
and  then  a  large  under  prediction  on  the  2nd  stator.  This 
observation  exceeds  the  fully  mrbulent  flat  plate  value  of  heal 
transfer,  as  illustrated  in  Figure  3.  Additional  unpredicted 
behavior  that  is  not  captured  by  2D  or  3D  Euler  or  Navier 
Stokes  solvers  are  observed  at  the  sragnation  pouit  as  well  as 
on  the  pressure  and  suction  surtaces. 


Transition  and  transition  length  again  are  not  predictable. 
There  are  numerous  cases  where  the  heat  transfer  exceeds  the 
steady  flow  folly  turbulent  flat  plate  values  such  as  Blair 
(1981),  Bayley  and  Priddy  (1981),  Wittig  et  al.  (198S),  Rae,  et 
al.  (1986),  and  Shatnu  et  al.  (1992). 

The  examination  of  engine  data,  which  now  includes  the 
combustor  upstream,  shows  observed  increases  over  the  fully 
turbulent  flat  plate  from  over  3  times  on  the  pressure  and 
stagnation  surfaces  to  2  times  on  the  suction  surfaces,  as  shown 
in  figure  4.  Non  steady  Navier-Stokes  calculations  are  now 
being  made  for  these  flows  including  the  effects  of  the  stator 
on  die  rotor  for  multi-stage  geometries.  Although  these 
calculations  show  improvements  they  fail  to  come  close  to 
engine  results.  It  is  these  cases  which  exhibit  heat  transfer 
above  the  folly  turbulent  flat  plate  predictions  which  are  of 
interest  for  the  non  conventional  turbulence  or  unsteady  flow 
evaluation. 

There  have  been  several  efforts  underway  to  explore  non 
conventional  nirbulence  generators,  and  to  establish  the 
relationships  between  heat  transfer,  turbulence,  turbulence 
length  scale  and  the  higher  levels  of  heat  transfer  that  occur  in 
the  actual  engine.  These  turbulence  generators  have  included 
free  jets,  wall  jets,  jets  in  cross  flow,  rotating  bars,  moving 
walls  with  grids,  and  blown  grids.  Grid  generated  turbulence 
has  been  able  to  produce  only  6-8%  levels  in  the  final  period 
of  decay  at  scale  sizes  comparable  to  the  boundary  layer 
thickness  or  the  blade  passage  size.  In  addition  io  the  axial 
turbulence  level,  the  appropriate  nonisotropic  turbulence  decay 
rate  (du'/dx)  and  turbulence  scales  (A/b)  are  issues  which  have 
not  been  satisfactorily  resolved  in  attempts  to  simulate  the 
unsteady  effects  in  the  turbine  hot  section.  A  number  of  non 
conventional  turbulence  generators  have  been  investigated  over 
the  years  to  achieve  high  turbulence  levels  at  appropriate  scales. 
In  1985.  Maciejewski.  Moffat,  Han.  and  Rivir  began  looking 
at  the  importance  of  higher  free  stream  turbulence  levels. 
These  turbulence  levels  were  comparable  or  greater  than  the 
near  wail  levels.  Moffat  and  Maciejeu  ki  investigated 
turbulence  levels  of  26-48%  at  Reynolds  numbers  of  2-SxlO* 
with  a  flat  plate  in  a  free  axi-symmetric  jet  This  represented 
an  augmentation  of  the  folly  turbulent  flat  plate  heat  transfer  of 
350%.  Han,  Rivir  and  later  others  (MacMullin  et  al.  1986) 
investigated  turbulence  levels  of  2-20%  with  axi-symmetric  and 
planar  wall  jets  at  Reynolds  numbers  of  IxlO’  to  8x10*.  The 
resulting  heat  transfer  was  observed  to  be  up  to  200%  of  the 
folly  turbulent  flat  plate.  McCarthy  (1989)  used  a  box  with 
one  wall  a  constant  heat  flux  surface  and  the  sanre  2D  planar 
bee  jet  which  had  been  used  in  the  wall  jet  studies.  This 
resulted  in  an  augmeniatioo  of  20  -  60%  in  the  heat  transfer. 
Young  et  al.  (1991)  used  blown  grids  to  generate  turbulence 
levels  of  5-20%.  Ames  (1990)  used  wall  jets  and  jets  in  cross 
flow  to  simulate  a  combustor  at  turbulence  levels  of  5-20%. 
This  resulted  in  a  30%  augmentation  in  heat  transfer  over  the 
folly  turbulent  level.  The  results  of  these  efforts  are  compared 
in  Figure  5.  The  heal  transfer  results  have  been  shown  to  be 
similar  to  engine  results  even  though  the  simulations  provided 
by  these  alusniate  sources  are  not  direct.  Figure  4  shows  the 
axi-symmetric  and  planar  wall  jet  heat  transfer  results  in  engine 
coordinates. 

2,  DESCRIPTION  OFTHE  2D  WALL  JET  EXPERIMENT 
This  effort  presents  three  component  LV  measurements  and 
begins  to  address  the  scale  effect  for  a  non  conventional 
turbulence  generator  with  a  planar  wall  jet.  An  axi-symmetrtc 
wall  jet  which  was  used  previously  for  high  turbulence  heat 
transfer  investigations  is  descnbed  in  MacMullin  et  al.  (1987). 


The  same  oonsam  heat  tlux  heat  transfer  surface  was  employed 
.IS  Uescnbed  in  (he  1987  work  with  new  foil  and 
thetmocoupies.  The  axi-svmmetnc  20.32  cm  ASME  nozzle 
wa.s  replaced  with  a  short  radius  ASME  planar  nozzle;  h.hT  bv 
19  53  cm  (l/h  =7.433  with  a  0.h4  cm  lip  tliickness.  In  the 
a;ttlinp  chamber  a  20/1  length  to  diameter  flow  straightener. 
with  75  mesh  screens  on  either  .side,  was  added  to  reduce  (he 
exit  core  flow  axial  turbulence  level  from  5%  in  the  1987  work 
lo  1%.  \  three  component  FSI  oil  axis  LV  and  traverse  have 

lieen  employed  to  obtain  velocity,  turfoulenoe,  and  Reynolds 
stress  protiles  in  the  present  work.  A  half  angle  of  IS  degrees 
was  required  between  component  beams  tor  other  experiments 
with  limned  optical  access.  This  reduces  the  accuracy  of  all 
components  slightly  over  the  recommended  20  degree  half 
angle.  The  LV  beam  position  accuracy  was  Z.0002S  cm. 
The  optics  used  produced  a  measurement  ellipsoid  of  2S 
mtcKMis  diameter  by  3  mm  in  length  in  the  span  wise  direction. 
The  axial  turbulence  scales  are  the  order  of  several  cm  and  the 
vertical  scales  the  order  of  mm  in  the  near  wall  regiotis. 
Nearly  all  the  turbulent  energy  is  below  3.000  Hertz  for  these 
Hows,  so  the  spatial  resolution  of  the  measurement  volume  is 
quite  good  except  for  the  span  wise  direction.  The  LV 
measurements  were  made  with-in  a  nominal  coincidence 
window  of  10  micro  seconds.  .\  small  (10  degreei  angle  to 
the  heat  iranster  surface  was  employed  to  allow  wall 
measurements  to  be  obuined.  The  LV  axial  and  vertical  mean 
ind  turbulent  measurements  were  checked  against  single 
element  hot  wire  measurements  in  the  axi-symmetnc  wall  jet 
and  in  the  TSI  0.64  cm  diameter  calibration  jet.  The  mean 
velocities  agreed  quite  welL  The  u'  measurement  in  the 
calibrator  free  jet  fell  with  in~z0.5  to  1%  of  the  hot  wire  up  to 
turbulence  intensities  of  10%.  and  were  lower  than  the  hot  wire 
by  2%  for  turbulence  intensities  of  10  to  20%. 

Single  element  hot  wire  measurements  were  employed  to  obuiin 
the  axial  and  vertical  turbulence  scales  using  a  HP  3562 
dvnamic  signal  analyzer  which  provided  the  trequency  spectrum 
.ind  (hen  inverted  the  spectrum  with  a  FFT  to  provide  the  auto 
correlation  function  which  was  normalized  and  multiplied  by 
ihe  local  mean  veliKiiv  to  provide  the  integral  scale.  This 
technique  was  compared  against  a  direct  auto  correlation  which 
was  used  in  our  1987  axi-symmetric  wall  jet  work  and  the 
’Z0(X)  sample  spectrum,  an  FFT.  and  an  auto  correlation 
calculation  of  Ames  1 19901  with  favorable  results  •  all  three 
measurements  gave  the  same  value  within  30%  at  the  same 
lime  on  the  same  tiow.  The  vertical  scale  was  obtained  by 
routing  the  single  element  wire  to  the  span  wise  direction,  with 
out  moving  (he  traverse,  and  repealing  the  measurement  The 
vertical  scale  measurement  is  sensitive  to  both  the  vertical  and 
Ihe  span  wise  components.  The  venical  scale  implication  then 
needs  to  be  considered  to  be  represenuiive  of  both  near  the 
wall  rather  than  the  vertical  component  alone.  The 
measurements  presented  in  this  oaper  will  be  for  (he  short 
radius  ASME  planar  noale. 

Heat  iranster  measurements  were  made  at  7  stations  with  the 
same  lechniqueues  described  in  MacMullin  rt  al.  (19871  axi- 
symmeiric  wall  jet  work.  Hie  x/h  locations  for  the  planar 
wall  let  measurements  become  7.69,  1 5.24.  20.28.  30,111,  37. 4K. 
14.95  ,  .ind  52.95. 

3.  PLANAR  WALL  JET  RESULTS 
The  original  purpose  of  this  planar  wall  jet  effort  was  to 
provide  a  20  flow  with  a  smaller  scale  at  the  same  x  Reynolds 
numbers  as  the  axial  wall  jet.  Although  the  width  to  height 


dimension  of  this  wall  jet  (7.431  make  it  a  marginal  20  source 
bv  planar  wall  jet  sundards  (Launder  and  Rodi.l98tl.  there  are 
two  significant  observauons  applicable  ui  all  planar  wall  jet 
measurements  which  should  he  made.  Hie  Reynolds  number 
of  this  wall  |i't  was  chosen  lo  jmividc  heat  Iranster 
inea.suiemenLS  in  the  x  Kevnolds  number  range  for  turbine 
blades.  ITiis  places  iliese  measuremenis  an  order  ot  magnitude 
.ilMve  wall  jet  studies  in  (he  literature.  ITie  velocity  protiles 
lor  these  measuremenis  (and  also  those  ol  the  axi-symmetric 
wall  jell  ate  all  lixully  similar  in  velocity  profiles  tor  all 
reported  heat  transter  and  velocity  profiles.  These  centerline 
velocity  profiles  give  an  axial  jet  decay  which  approaches  that 
of  Wygnasiki  el  al.  ( 19911  at  his  highest  Reynolds  number  flow 
of  19.000.  These  measurements  then  Imply  a  high  Reynolds 
number  limit  for  wall  jet  spread  which  Is  independent  of  wall 
jet  pressure  ratio  for  this  inteimedisic  range  of  x/h'.  Secondly, 
these  mean  velociiy  profiles  have  been  analyzed  in  law  of  the 
wall  coordinates  by  Narayanan  et  al.  1992)  with  the  assumptioo 
of  a  consunt  Karman  consunt  in  the  law  of  the  wall  relation: 

u’=  A  +  2.44  In  y'  (  1  ) 

This  relation  was  shown  to  be  valid  for  .til  fully  developed 
planar  wail  jets  with  the  consunt  A  dependent  only  on  the  axial 
tuibulence  in  a  .simple  linear  relationship.  This  same 
relationship  was  also  observed  lo  he  valid  for  a  turbulent  flat 
plate  boundary  layer  when  the  maximum  near  wail  axul 
turbulence  intensity  is  used  for  the  turbulence  intensity.  The 
LV  wall  jet  profiles  presented  in  this  paper  were  used  to  obuin 
this  result. 

The  center  line  velocity  and  velocity  fluctuation  profiles  are 
presented  in  Figures  7  and  8  at  each  heat  transfer  measurement 
stttion.  The  velocity  profiles  are  locally  similar  as  previously 
pointed  out,  but  are  otherwise  as  one  would  expect  for  a  planar 
wall  jet.  The  rms  tiuctuations  are  nearly  consunt  across  the 
wall  layer  in  the  axial  direction.  This  contrasts  to  profiles  at 
much  large^x/h'  locations  normally  quoted  by  planar  wall  jet 
efforts  in  which  the  she.nr  l.nyer  has  eroded  Ihe  wall  layer.  A 
law  of  the  wall  plot  .it  x/h'  =  52.95  is  shown  in  figure  9,  where 
the  log  legion  extending  over  a  I.OtXt.  Tltis  extremely  large 
log  region  made  an  accurate  assessment  of  the  consunis  in  the 
law  of  the  wall  region  m  contrast  to  regions  of  50-l(X)  in  other 
planar  wall  jet  studies.  The  span  wise  distribution  of  x  hot 
wire  measured  velocities  and  rms  velocities  are  shown  in 
Figure  10. 

The  normalized  Reynolds  stresses  u  v'.  v  w  ,  u  'w',  u''.  v'^  and 
w  ^  are  shown  in  Figure  II.  The  u  and  v  components  are 
well  behaved,  however  the  span  wise  components  of  w  all 
uke  on  very  l.arge  values  as  the  wall  is  approached.  The  span 
wise  components  were  shown  to  be  very  significant  contributors 
to  increases  in  shear  stress  in  Johnson  and  Johnston  ( 19891,  and 
increases  are  in  be  expecied  -  particularly  for  a  free  boundary. 
We  are  currenilv  aiiempting  to  check  the  span  wise  wall  shear 
directly.  ,\  few  of  the  l;isi  two  near  wall  w  ciimponent  daU 
points  have  been  omitted  until  further  chocks  can  be  performed. 
The  u  v  component  is  iniiiallv  negative  .ind  then  goes  through 
0  at  about  6(1%  ot  It  then  goes  and  rrmaias  positive  as 

observed  in  other  planar  wall  jets  iLiundcr  and  Rodi, 19811 
inve.stigalions. 

The  integral  turbulence  scales  on  the  wall  jet  centerline,  for 
axial  scales  and  for  the  l.iteral  or  venical  scales  at  y„  are 
shown  in  Figure  1 3.  ,A  boundary  layer  traverse  of  the  axial 
scale  IS  shown  at  x/h’  =  26.28  in  Figure  14. 

The  scale  is  sensitive  to  the  mean  velocity  and  the  facility 
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4.  SUMMARY 
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temporal  temperature  gradients,  as  well  as  the  decay 
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Figure  2.  Linear  cascade  comparison  of  experimenul 
calculations  (Wiitig,  1985') 
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Figure  J.  Large  scale  multi-stage  rotating  cascade  comparison 
of  experiment  to  fully  turbulent  tlow  t  Sharma,  et  aL  1992) 


Figure  1.  STAN5  calculation  of  fiat  plate  Tu=4%  a=7.5*HP  Figure  4  The  measured/pred icred  heat  transfer  for  turbine 
(MacArthur.  1983)(Blair.  1981)  engine  blades  and  vanes 
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Figure  12.  Axial  integral  scale 
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